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THE  LIFE  CYCLE  OF  THE  CENTRIC  DIATOM  THALASSIOSIRA 
WEISSFLOGXI'.  CONTROL  OF  GAMBTOGENESIS  AND  CELL  SIZE 

by 

ELIZABETH  VIRGINIA  ARMBRUST 

ABSTRACT 


The  predominant  mode  of  reproduction  In  all  unicellular  algae 
is  via  asexual  reproduction,  In  diatoms,  the  physical  constraints 
of  the  cell  wall,  or  frustule,  during  these  mitotic  divisions 
generally  result  In  a  decrease  in  the  average  cell  size  of  a 
population  over  successive  generations.  The  most  common  manner  of 
breaking  this  trend  of  diminishing  cell  size  la  through  sexual 
reproduction;  melosia  replaces  mitosis  and  the  resulting  male  and 
female  gametes  fuse  to  create  a  zygote  or  auxospore  which  than 
develops  outside  the  confines  of  the  frustule  and  forms  a  post- 
auxosporc  cell  many  times  larger  than  either  parent.  It  is 
traditionally  believed  that  these  newly  created  large  cells  are 
unable  to  undergo  sexual  reproduction;  theoretically,  only  cells  at 
the  lower  end  of  the  size  spectrum  possess  this  capability. 

However,  most  of  the  studies  concerning  diatom  life  cycles  are 
descriptive  and  In  reality  very  little  is  known  about  what 
determines  if  and  when  a  cell  will  undergo  gametogenesis  and 
subsequent  zygote  formation.  The  motivation  behind  this  research 
was  a  desire  to  understand  more  about  this  "decision  making"  process 
in  centric  diatoms. 

Using  flow  cytometric  techniques,  I  showed  that  the  marine 
centric  diatom,  Thslassioslra  wtlssflogli ,  can  be  induced  to  undergo 
spermatogenasia  by  exposing  colls  maintained  at  saturating 
intensities  of  continuous  light  to  either  dim  light  or  darkness, 

From  zero  to  over  ninety  percent  of  a  population  can  differentiate 
into  male  gametes  depending  upon  both  the  induction  trigger  and  the 
population  examined,  regardless  of  cell  size.  Through  the  use  of 
populations  representing  distinct  cell  cycle  distributions,  it  was 
shown  that  responsiveness  to  an  induction  trigger  is  a  function  of 
cell  cycle  stage;  cells  in  early  are  not  yet  committed  to 
complete  the  mitotic  cycle  and  can  be  induced  to  form  male  gametes, 
whereas  cells  further  along  in  their  cell  cycle  are  unresponsive  to 
these  same  cues, 

7.  weLssflogil  can  also  undergo  sexual  reproduction  under 
constant  environmental  conditions  as  often  as  every  120  generations. 
In  the  absence  of  any  external  induction  signals,  the  ability  of  a 
cell  to  undergo  gametogenesis  and  subsequent  auxospore  formation  is 
linked  with  the  obtainment  of  an  appropriate  cell  size.  However, 
this  permissive  size  range  can  vary  between  isolates  and 
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within  a  given  isolate  over  time.  Moreover,  the  size  of  the  post* 
auxospore  cells  created  during  these  sexual  events  is  also  extremely 
variable;  absolute  cell  size  predicts  very  little  about  the  future 
conduct  of  a  cell.  The  unprediotabla  behavior  of  these  cultures  is 
hypothesized  to  result  from  the  fact  that  the  genetic  composition  of 
a  diatom  population  changes  over  time.  Since  diatoms  are  diploid, 
each  round  of  sexual  reproduction  creates  genetic  diversity,  thus 
enabling  the  characteristics  of  a  population  to  undergo  frequent 
transformations. 

Thesis  Supervisor;  Prof.  Sallie  W.  Chisholm 

Professor,  H.I.T 
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Preface 


Diatoms  are  one  of  the  most  abundant  eukaryotic  microorganisms 
found  In  the  aquatic  environment.  Due  to  their  photosynthetic 
capabilities,  these  ubiquitous  organisms  are  substantial 
contributors  to  global  primary  productivity.  And  yet,  despite  their 
obvious  ecological  Importance,  relatively  little  Is  known  about  the 
details  of  the  physiology  of  these  cells.  In  fact,  studies  of  the 
life  cycle  of  diatoms  have  not  progressed  beyond  the  descriptive 
stage  (Chapter  1);  vary  little  Is  understood  about  what  determines 
If  and  when  a  cell  will  cease  asexual  reproduction  and  undergo 
gametogenesls  and  subsequent  zygote  formation.  The  goal  of  my 
thesis  was  to  examine  In  more  detail  this  "decision  making"  process, 
The  marine  centric  diatom,  Th*l»ssioslre  vLtaflogLL  ,  was  used 
as  the  model  organism  for  this  research  due  to  a  serendipitous 
observation  by  Vaulot  and  Chisholm  (1967).  They  found  that  a 
portion  of  a  T.  welssflogli  population  was  induced  to  undergo 
spermatogenesis  In  response  to  a  change  In  light  conditions,  What 
fascinated  me  about  this  result  was  that  a  majority  of  the 
population  apparently  Ignored  the  Induction  signal  and  continued 
dividing  asexually.  What  differentiated  these  non- Inducible  cells 
from  the  Inducible  ones?  To  address  this  question,  the 
responsiveness  of  a  cell  to  on  environmental  Induction  trigger  was 
examined  as  a  function  of  both  cell  size  and  cell  cycle  stage 
(Chapter  2),  I  learned  that  the  extent  of  spermatogenesis  displayed 
by  a  given  population  was  Influenced  not  by  its  average  cell  size  as 
expected  but  rather  by  Its  cell  cycle  distribution. 
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This  lack  of  a  correlation  between  cell  size  and 
responsiveness  to  an  Induction  cue  was  in  direct  conflict  with  the 
work  of  numerous  other  researchers.  To  try  to  understand  the  source 
of  this  discrepancy,  1  initiated  a  systematic  examination  of  the 
manner  in  which  cell  size  changed  over  time  in  a  number  of  T. 
weissfloglL  isolates  (Chapter  3).  In  the  course  of  conducting  this 
study  I  found  evidence  that  the  genetic  composition  of  diatom 
populations  varies  over  time.  Thus,  the  characteristics  of  these 
populations  can  undergo  frequent  transformations,  a  feature  which 
must  be  kept  in  mind  as  attempts  are  made  to  understand  in  more 
detail  the  physiology  of  these  organisms. 

I  have  also  included  in  this  thesis  a  study  which  describes 
cell  cycle  regulation  in  the  procaryote,  Synechococcus  strain  WH- 
8101,  an  organism  which  is  unrelated  to  diatoms  and  in  fact  belongs 
to  an  entirely  different  kingdom  (Appendix) .  This  work  is  included 
here  as  an  example  of  the  fact  that  an  understanding  of  the  behavior 
of  populations  of  colls  requires  an  understanding  of  the  behavior  of 
the  individual  cells  within  the  population,  This  philosophy,  the 
"importance  of  the  individuals",  permeates  each  of  the  latter 
studies  conducted  with  T.  weLssflogii. 
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Chapter  One 


Sexual  Reproduction  in  Centric  Diatoms 
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Introduction 


Diatoms  (Baclllarlophyta)  are  one  of  the  most  abundant  groups 
of  aquatic,  eukaryotic  mloroorganlama  found  in  nature  vlth 
approximately  100,000  described  species  dispersed  among  over  250 
genera  (Round  and  Crawford  1989).  These  unicellular  algae  are 
widely  distributed  among  freshwater  and  marine  habitats  In  both  the 
plankton  and  the  benthos,  In  fact  "anywhere  water  drips,  collects, 
or  flows  there  la  a  diatom  mlcroblota"  (Round  and  Crawford  1989) , 

Due  to  their  dominance  in  oceanic  upwelllng  zones  and  the  regions  of 
the  continental  shelves,  diatoms  are  substantial  contributors  to 
world  net  primary  productivity  (Werner  1977).  Moreover,  these  and 
other  large  phytoplankton  have  recently  been  hypothesized  to  play  a 
crucial  role  In  the  new  production  of  oligotrophlo  waters  (Goldman 

1988) . 

Despite  their  obvious  ecological  Importance,  however,  many  of 
the  details  of  the  physiology  of  these  organisms  remain  mysterious. 
In  an  era  when  model  systems  such  as  the  budding  yeast, 

SaecharomyeBM  eertvlslat,  and  the  freshwater  green  alga, 
Chlemydomnss  etlnhsrdtH ,  can  be  genetically  manipulated  at  will 
through  techniques  ranging  from  simple  matlngo  to  Intricate 
transformations  (e.g,  Herskowltz  1988,  Boynton  et  al.  1988,  Hall 

1989) ,  studios  of  the  diatom  life  cycle  have  progressed  little 
beyond  the  descriptive  stage.  And  yet,  the  sexual  cycle  of  diatoms 
may  be  unique  among  unicellular  algae  since  the  vegetative  cells  are 
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diploid  and  thus  malosls  prscadea  gametic  dlffotentiatlon. 

Moteover,  the  induction  of  sexuality  in  diatoms  has  traditionally 
been  thought  to  be  linked  with  the  obtainment  of  an  appropriate  cell 
size.  If  this  proves  to  be  true,  the  diatom  life  cycle  may  not  only 
be  unique  among  the  phytoplankton  but  among  the  entire  protist 
kingdom  as  well. 

Relatively  few  life  cycle  studies  have  been  conducted  in  the 
13  years  since  Drebes's  review  of  diatom  sexuality  was  published 
(Drebes  1977b) .  This  is  perhaps  due  to  the  somewhat  persnickety 
nature  of  diatoms;  sexual  events  serendipitously  observed  once  are 
frequently  hard  to  replicate.  Since  1977,  however,  research 
techniques  available  to  scientiete  have  blossomed;  for  example, 
painstaking  microscopic  observations  are  no  longer  the  only  means  of 
detecting  sexuality  (e.g.  Vaulot  and  Chisholm  1987a,  chapter  2). 
Thus,  we  may  now  be  able  to  move  beyond  simple  desoriptions  of  the 
sexual  process  and  begin  to  ask  more  detailed  questions,  For 
instance,  an  understanding  of  the  mechanisms  underlying  the 
induction  of  sexual  reproduction  in  the  various  diatom  species  may 
enable  us  to  someday  predict  how  changing  environmental  conditions 
will  influence  the  extent  of  sexuality  end  thus  the  potential  for 
genetic  variability  in  diatom  populations  in  the  field. 
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HlAterioal  P«riipaotlv« 


Tha  diatom  lltaratura  dating  from  naarly  a  hundrad  yaara  ago 
overflowa  with  wonderfully  datallad  deaorlptlona  and  drawinga  of  the 
Ufa  hiatorlaa  of  aoroa  of  the  largar,  more  aaally  obaarvad  organlama 
(e,g,  Yando  and  Ikarl  1918,  Faraldaky  1935,  Groaa  1937),  Towarda 
the  and  of  sha  ninataanth  oantury,  raaaarohara  aurmlaod  that  the 
unlqua  atructura  of  tha  diatom  fruatula  Impoaad  potential 
conitralnta  on  Ita  life  cycle.  An  aaaortmant  of  call  aUaa  within  a 
given  apaolaa  ware  generally  observed  but  it  waa  Initially  unclear 
whether  eel la  gradually  became  smaller  or  larger  over  auooeaslve 
generations.  The  diatom  fruatula  la  composed  of  two  rigid, 
unequally  aisad  ailioa  valves,  tha  eplthaoa  and  tha  hypotheoa,  each 
attached  to  a  series  of  sillcious  girdle  bands,  MacDonald  (1869) 
and  Pfitsar  (Rao  and  Deaikaohary  1070)  simultaneously  surmised  in 
what  has  become  known  as  the  MacDonald* Pfltser  hypothesis,  that 
since  the  valves  of  the  now  frustules  are  created  within  the 
confinea  of  tha  old,  each  mitotic  division  results  In  one  daughter 
cell  which  is  smaller  than  either  her  sister  or  her  mother  thus 
causing  a  gradual  deoreaso  in  cell  sise  over  suooesslve  generations, 
Some  sixty  years  later,  Oeltler  (1935)  roviowod  the  details  of 
the  life  cycles  of  a  number  of  pennate  diatom  species  and  defined 
three  distinotivo  categories  of  cells  (still  used  today), 
charaoterised  by  their  relative  cell  else.  His  first  category 
consisted  of  the  largest  cells  or  post*auxosporos,  generally  created 
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sexually,  which  were  oe^able  only  of  asexual  reproduction.  Sise 
diminution  of  these  vegetative  cells  created  the  second  category, 
cells  oharaoterlsed  by  a  eroaller  else  range  that  were  capable  of 
both  asexual  and  sexual  reproduction.  Individuals  that  passed 
through  this  else  range  without  undergoing  gametogenesls  comprised 
the  third  category.  These  cells  were  no  longer  capable  of  sexual 
reproduction  and  simply  continued  to  decrease  In  size;  theoretically 
this  cell  line  wou  d  eventually  die.  Thus  by  the  early  thirties, 
the  foundation  of  what  appear  to  be  the  unique  features  of  diatoms 
had  become  well  established:  sexuality  and  perhaps  even  cell  vigor 
are  intimately  associated  with  cull  size. 

As  ponnate  diatoms  became  well  characterized  and  were  proven 
to  possess  Isogamous  or  morphologically  equivalent  haploid  gametes, 
arguments  flourished  os  to  the  exact  nature  of  sexual  reproduction 
In  centric  diatoms.  Flagellated  cells  which  are  now  known  to  be 
sperm  were  observed  (e.  g.  Gross  1937,  Braarud  1939,  Subrahmanyan 
1946)  but  it  was  unclear  exactly  what  role  these  cells  played  in  the 
life  cycle.  For  example.  Gross  (1937)  concluded  definitively  that 
these  "mioroapores*'  resulted  from  either  an  abnormal  division 
process  or  the  "occasional  presence  and  reproduction  in  dead  diatom 
cells  of  flagellates  not  necessarily  of  parasitic  nature."  Another 
fifteen  years  of  disagreements  had  to  pass  before  von  Stosch  (19S0), 
through  a  detailed  examination  of  field  samples,  firmly  established 
that  centric  diatoms  are  characterized  by  oogamy,  the  formation  of 
morphologically  dissimilar  sperm  and  eggs. 
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Uleh  th«  di«cov«ry  that  many  diatoms  raqulra  vitamin  B]^2' 
nvtmbar  of  baotarla-fraa  clones  of  diatoms  maintained  in  culture 
Increased  dramatically  during  the  fifties  and  sixties  (LewLn  and 
Guillard,  1963).  In  keeping  with  this  trend,  life  cycle  studies  on 
contric  diatoms  moved  from  field  observations  to  laboratory 
experiments , 


Oametogenesla  and  Zygote  Formation 

The  predominant  mode  of  reproduction  In  diatoms  is  mitotic 
division.  However,  like  many  other  eukaryotic  microorganisms  (Sager 
and  Granlck  1934,  Esposito  and  Klephols  1981,  Pfiester  and  Anderson 
1967)  diatoms  can  exit  the  mltotlo  cycle  and  undergo  gametogenesis. 
Since  diatoms  are  diploid,  melosls  precedes  gametogensis  and  thus 
the  gametes  may  be  morphologioelly  and  physiologically  quite 
distinct  from  vegetative  cells.  Moreover,  alnoe  diatoms  are 
monoecious,  each  cell  can  differentiate  Into  either  male  or  female 
gametes.  Drebes  (1977b)  presents  a  excellent  summary  of  the 
numerous  possible  steps  leading  to  the  formation  of  the  sperm,  egg, 
and  auxospore.  Only  e  brief  review  will  be  presented  here. 
SBtrmtttogftnfliii 

The  first  indication  of  spermatogenesis  Is  a  series  of 
speolaliaad  mitoses  that  creates  within  a  single  fruatule,  anywhere 
from  one  or  two  diploid  spermatogonia  as  in  Skeietonema  oostatum 
(Migita  1967b)  to  as  many  as  128  spermatogonia  within  a  single 
CoiieinodlMOUM  pavliiardii  cell  (Findlay  1969).  These  spermatogonia 
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may  either  swell  and  complete  meiosla  free  of  the  mother  frustule 
(e.  g.  French  and  Hargraves  19S5,  chapter  2)  or  else  remain  enclosed 
within  the  frustule  until  meiosia  is  completed  (e.g.  Findlay  1969). 
As  no  growth  occurs  between  the  successive  mitotic  and  melotle 
divisions,  a  male  determined  cell  of  LLChodeamium  undulatum,  for 
example,  can  complete  four  successive  mitotic  divisions  and  two 
meiotic  divisions  in  as  little  as  12  hours  (Manton  at  al.  1970),  an 
interval  comparable  to  the  average  doubling  time  of  the  vegetative 
cells  of  numerous  apeoies.  The  final  outcome  of  these  divisions  is 
the  creation  of  four  uniflagellated  haploid  sperm  from  each 
spermatogonium.  Thus,  a  C.  pavillMtdii  cell,  for  example,  can  create 
as  many  as  912  sperm, 

OogTlfllll 

Oogonia,  unlike  spermatocytes,  are  formed  directly  from  the 
vegetative  cell  with  no  accompanying  reductive  mitoses.  In  the 
ensuing  meiotic  divisions,  two  eggs  and  two  pycnotio  or 
disintegrating  nuclei,  one  egg  and  a  polar  body,  or  one  egg  and  two 
pycnotic  nuclei  are  formed  depending  on  the  species  examined  (Drebes 
1977b) ,  In  certain  species  such  as  Stephanopyxls  palmerlena  (Drebes 
1966)  or  Laptoeylindrua  danlcus  (French  and  Hargraves  1985),  the 
females  can  be  differentiatsd  from  vegetative  cells  since  they  are 
slightly  elongated  and  can  possess  both  an  enlarged  nucleus  and  an 
Increased  number  of  ohloroplasts .  In  other  species  such  as 
Coaclnodiacus  cocinnua  (Holmes  1967)  or  Cbsatocaroa  dladema 
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(Hargraves  1972),  however,  no  coneptcuoua  differences  between 
females  and  vegetative  oella  are  observed. 

Ion 

A  number  of  ingenious  methods  have  been  devised  by  different 
diatom  species  to  facilitate  the  necessary  union  of  the  sperm  and 
egg  since  the  egg  Is  generally  still  enclosed  within  her  silica 
frustule.  Often,  the  female  bends  slightly  thus  allowing  the  sperm 
to  enter  through  a  opening  between  the  two  valve  halves  (s.g.  von 
Stosoh  1930,  Drebes  1966,  French  and  Hargraves  1985).  In  other 
Instances,  the  sperm  apparently  slithers  through  a  bristle  opening 
In  ths  frustule  (Drebes  1977b). 

Upon  fertilisation,  the  developing  diploid  sygote  or  auxospore 
rapidly  expands  due  to  a  sudden  Intake  of  water,  squesslng  the 
organelles  Into  a  thin  layer  of  cytoplasm  within  the  auxospore 
periphery  (Hoops  and  Floyd  1979),  and  then  eseapea  the  confines  of 
the  mother  frustule.  At  this  stage  the  auxospore  is  surrounded  by 
an  organic  wall  frequently  interspersed  with  sllioeous  scales 
(Crawford  1974,  Hoops  and  Floyd  1979).  The  protoplasm  eventually 
contracts  from  the  wall  and  two  new  silloa  valves  are  laid  down, 
Interestingly,  an  aoytoklnetlo  mltotlo  event  (nuclear  division 
without  cytokinesis)  accompanies  the  formation  of  each  valve  and 
thus  two  pycnotlo  nuclei  are  created  (Drebes  1977b),  The  auxospore 
envelope  finally  ruptures  and  the  newly  enlarged  "ErallngsKolle"  or 
initial  cell  is  released.  The  relation  between  the  else  of  the 
post*auxospore  cell  and  the  parent  cell  can  vary  (s.g.  Rao  1971, 
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chapter  3) ,  but  the  newly  created  coll  may  bo  as  many  as  five  times 
as  large  as  either  parent  (Findlay  1969), 

Environmental  Induction  Signals 

Diatoms  can  be  Induced  to  exit  the  mitotic  cycle  and  undergo 
sexual  reproduction  In  response  to  a  suite  of  environmental  signals 
Including  a  sudden  change  in  light  intensity,  temperature,  nutrient 
status,  or  salinity  (Table  1).  The  motivation  behind  many  of  the 
early  studies  on  the  induction  of  sexuality  was  either  a 
manipulation  of  a  given  species  through  its  various  life  cycle 
stages  or  a  description  of  a  serandlpltously  observed  event  rather 
than  an  examination  of  the  interaction  between  e  cell  end  iti 
environment,  The  appropriate  conditions  for  gametogenesls  ate  often 
presented  simply  as  recipes  and  the  use  of  "old"  cultures  is 
frequently  noted  (e,g.  Drebes  1966,  Rao  1971,  Drebes  1972,  Hoops  and 
Floyd  1979),  Only  rarely  ie  the  population  response  to  an  induction 
signal  quantified,  complicating  any  attempts  to  evaluate  the 
relative  "strengths"  of  the  various  induction  signals.  Thus,  It  la 
unclear  whether  or  not  the  reported  range  of  chemical  and  physical 
signals  all  Induce  sexual  reproduction  via  a  common  mechanism. 

Light  Cue B 

The  duration  of  the  photoperlod  is  frequently  emphasised  as  nt\ 
Important  component  of  many  induction  "mixtures".  The  results 
obtained  with  one  species,  however,  are  often  in  direct  conflict 


with  results  reported  for  another  speeles.  For  example,  Steele 
(1965)  found  that  only  when  Stephanopyxla  palmevLana  was  maintained 
on  a  16;8  L;D  cycle  (rather  than  a  12:12  or  an  8:16  L:D  oyele)  would 
cultures  form  sexual  cells.  Similarly,  Furnas  (1985)  reported  that 
higher  proportions  of  Chaatoaaros  curvisatum  cultures  underwent 
spermatogenesis  when  maintained  on  L:D  cycles  of  16:8  rather  than 
either  12:12  or  8:16,  This  preference  for  sexual  reproduction  over 
asexual  reproduction  under  long  photoperiods  is  exactly  Che  opposite 
of  what  Holmes  (1966)  found  in  his  systematic  study  of  Coaclnodlacus 
concinnua,  Ha  exposed  cultures  to  sixty* four  different  light  and 
temperature  combinations  at  L:D  cycles  of  16:8,  12:12,  and  8:16, 

The  extent  of  both  spermatogenesis  and  auxospore  formation  was 
always  enhanced  under  the  short  photopariods .  This  sort  of 
contradictory  behavior  unfortunately  adds  to  an  apparent 
intractability  of  diatom  life  cycle  studios. 

Perhaps  a  little  of  the  mystery  can  be  removed,  however,  based 
on  recant  results  obtained  with  the  marine  diatom,  Thalaaaloalra 
welsaflogll .  This  diatom  can  be  Induced  to  undergo  spermatogenesis 
whan  cells  are  transferred  from  saturating  levels  of  continuous 
light  to  either  dim  light  or  darkness  (chapter  2).  Responsiveness 
to  this  induction  signal,  however,  is  a  function  of  cell  cycle 
stage.  Only  when  cells  are  in  early  can  they  be  induced  to 
undergo  spermatogenesis;  cells  further  along  in  their  cell  cycle  are 
unresponsive  to  the  same  Induction  cues  and  simply  divide 
mltotloally  (chapter  2).  If  the  response  of  C.  coolnnua,  S. 


-25- 


palmerlana ,  and  C,  cuevlsetum  to  a  change  In  light  conditions  is 
also  limited  to  cells  in  a  particular  stage  of  their  cell  cycle  this 
may  explain  some  of  the  conflicting  photoperiod  results. 

In  order  to  predict  how  the  duration  of  the  photoperiod  can 
influence  the  number  of  cells  induced  to  undergo  gametogenesis ,  the 
manner  in  which  light  affects  cell  cycle  progression  must  first  be 
understood.  Diatoms  posses  at  least  one  and  more  often  two  light 
dependent  regions,  located  in  and/or  G2.  where  continued  cell 
cycle  progression  requires  light  (Vaulot  at  al.  1986,  Olson  et  al. 
1986,  M.  Brzezinski,  pers.  comm,).  Light/dark  cycles  align  the 
cells  cycles  of  a  culture  depending  on  the  length  of  the  various 
cell  cycle  stages,  the  location  and  the  duration  of  the  light 
requiring  segments,  and  the  duration  of  the  photoperiod  (Vaulot  and 
Chisholm  1987b) ,  The  proportion  of  a  population  that  is  induced  to 
undergo  gametogenesis  under  a  given  photuperiod  is  a  function  on  the 
number  of  cells  which  are  in  the  appropriate,  cell  cycle  stage  during 
Induction.  If  for  example,  the  durations  of  the  light  requiring 
segments  differ  between  Chaetocevos  curvlsetrum  and  CoscinodLscus 
concLtmua ,  the  cell  cycles  of  these  two  organisms  will  be 
differently  aligned  to  a  given  light  dark  cycle  and  thus  different 
proportions  of  cells  will  move  through  their  inducible  region  during 
the  induction  signal  and  be  triggered  to  undergo  sexual 
reproduction. 
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Two  dlacoms  that  have  been  observed  to  undergo  sexual 
reproduction  in  response  to  nutrient  limitation  are  Leptocyllndrus 
danicus  (French  and  Hargraves  1985,  1986)  and  Skaletonama  costatum 
(Davis  et  al,  1973).  S,  costatum  cells  can  become  sexual  under 
silica  limited  continuous  culture  conditions.  On  the  other  hand, 
nearly  one  hundred  percent  of  L.  danicus  populations  are  Induced  to 
undergo  sexual  reproduction  in  response  to  nitrogen  limitation.  The 
highly  unusual  feature  of  this  system,  however.  Is  that  Immediately 
after  zygote  formation  and  cell  enlargement,  the  auxospore  always 
develops  into  a  resting  spore,  Nitrogen  deprivation  apparently  set 
Into  motion  two  new  developmental  pathways. 

Salinity  Cues 

One  final  species  which  holds  promise  for  studying  Induction 
signals  but  has  apparently  not  been  examined  since  the  late  sixties 
and  early  seventies,  is  an  eetuarlns  species,  Cyolotalla 
menaghlnlana.  Sexuality  In  C.  managhiniana  Is  triggered  by  a  change 
in  Na'*’  concentrations  (Schultz  and  Tralnor  1968,  Schultz  and  Tralnor 
1970,  Rao  1971).  Interestingly,  only  male  gametes  wore  formed  on  a 
1519  L:D  cycle  whereas  In  continuous  light,  all  stages  in  the  sexual 
cycle  were  formed  (Schultz  and  Tralnor  1970)  (see  section  on  Sex 
Determination) . 


Size  and  Sexuality 


A  remarkable  feature  of  the  diatom  life  cycle  Is  that  the 
ability  to  undergo  sexual  reproduction  Is  apparently  linked  to  the 
size  of  a  cell  (Drebes  1977b).  Over  successive  generations  the  mean 
cell  size  of  a  population  generally  decreases  (Rao  and  Deslkachary 
1970)  and  the  standard  deviation  about  this  mean  increases  (for 
exceptions  to  this  general  rule  of  size  reduction  see  for  example, 
Rao  and  Deslkachary  1970,  Round  1972,  Crawford  1900)),  It  Is 
commonly  observed  that  only  when  cells  obtain  a  diameter  less  than 
about  30>40%  of  their  species'  maximum,  can  they  undergo 
gametogeneals  and  subsequent  auxospore  formation  'Drebes  1977b) , 

This  newly  enlarged  cell  then  proceeds  along  the  astxual  path  until 
size  once  again  permits  sexuality  and  thus  ensuring  the  periodic 
nature  of  diatom  sexuality  (Lewis  1984) , 

The  Ideal  way  to  test  tVie  relationship  hotween  cell  size  and 
the  ability  to  undergo  gametogenesls  Is  to  examine  genetically 
identical  population  of  cells  that  differ  only  in  their  size 
distributions.  This  Is  nearly  Impossible  to  do,  though,  since 
diatoms  are  monoecious  and  thus  sexual  reproduction  can  occur  in 
populations  originating  from  a  single  cell.  Von  Stosch  (1965) 
circumvented  this  problem  by  artificially  eliciting  size  changes 
through  nutritional  and  other  cultural  manipulations.  He  found  that 
newly  enlarged  cells  were  not  receptive  to  Induction  signals, 
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whereas  cells  which  had  been  forced  Instead  to  decrease  abruptly  In 
size  were  receptive  (Drebes  1977b).  An  examination  of  the  response 
of  colls  which  have  been  exposed  to  extreme  conditions,  however,  is 
often  problematic;  the  possibility  of  transient  behavior  unrelated 
to  absolute  cell  size  can  not  be  eliminated.  For  example,  enlarged 
cells  were  obtained  hy  transferring  cells  to  media  essentially 
devoid  of  silica.  Cells  discarded  their  fruatules  to  form 
"protoplasts"  and  only  formed  a  new  larger,  but  often  misshapen 
frustule  upon  a  return  to  silica  replete  conditions.  It  is  unclear 
what  other  physiological  changes  may  have  accompanied  theso 
conditions. 

An  alternative  method  employed  to  examine  the  relationship 
between  cell  sise  and  sexuality  is  to  periodically  remove  aliquots 
from  an  isolate  in  the  process  of  size  diminution  and  thus  expose 
populations  with  different  site  distributions  to  a  given  induction 
signal,  Reo  (1971)  monitored  cell  size  end  susceptibility  to  a 
salinity  induction  signal  in  CyolotBll*  mBnBghinlan*  for  18  months 
and  found  that  only  cells  less  than  approximately  38%  of  the  maximum 
formed  gametes.  However,  a  single  round  sexual  reproduction  and 
auxospore  formation  did  not  always  lead  to  the  obtainment  of  the 
cells'  maximum  size.  Instead,  at  least  two  size  steps  were 
observed;  a  portion  of  the  cells  that  had  undergone  one  round  of 
sexual  reproduction  immediately  underwent  a  second  round  to  form 
even  larger  cells, 
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Similarly,  Findlay  (1969)  followed  a  Isolate  of  Cosclnodlscus 
pavillaedll  for  lb  months  and  found  that  sexuality  occurred  only  In 
colls  ranging  from  20-63%  of  the  maximum  diameter.  Although  he  did 
not  mention  the  actual  proportions  of  the  populations  that  were 
Induced  as  the  average  cell  size  of  the  isolate  decreased,  he  did 
note  that  sexuality  did  not  occur  in  all  the  cells  within  the 
Inducible  range;  some  cell  lines  continued  dividing  vegetatively  and 
eventually  died,  This  heterogeneous  response  of  a  population 
theoretically  within  Che  inducible  size  range  has  frequently  been 
observed  (e.g,  Werner  1971)  and  obviously  complicates  any  simple 
relationship  between  cell  size  and  susceptibility  to  an  induction 
trigger. 

In  a  slight  twist  to  this  experimental  design,  I  (chapter  2) 
isolated  a  number  of  Thalaaaloale*  wtlsMflogil  populations 
displaying  a  range  of  size  distrlbutlona,  In  contrast  to 
expectations,  no  relationship  was  observed  between  the  average  size 
of  the  various  Isolates  and  the  proportion  of  cells  that  were 
Induced  to  undergo  spermatogenesis  in  response  to  a  change  in  light 
conditions.  In  a  subsequent  follow-up  study,  I  monitored  the 
changes  in  cell  size  in  Chose  various  isolates  during  approximately 
two  years  of  exponential  growth  in  constant  conditions  (chapter  3) . 
Each  isolate  displayed  periodic  increases  and  decreases  in  mean  cell 
size  as  expected  for  populations  alternating  between  asexual  and 
sexual  reproduction.  However,  the  overall  patterns  of  cell  size 
change  varied  dramatically  between  the  various  populations  despite 
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the  fact  that  each  culture  waa  maintained  under  Identical  growth 
conditions,  The  only  feature  common  to  these  patterns  was  the  rate 
of  decrease  In  mean  cell  size,  a  parameter  which  is  apparently 
determined  by  the  physical  constraints  of  the  frustule  during 
asexual  reproduction,  The  rest  of  the  components,  i,e,,  the  timing 
of  the  sexual  episodes,  the  rate  of  Increase  In  average  cell  size 
and  the  size  of  the  post-auxospore  cella  created  during  a  sexual 
event  could  vary  among  isolates  and  even  within  a  given  Isolate  over 
time.  Both  the  size  at  which  a  cell  can  undergo  sexual  reproduction 
and  the  size  of  the  poat*auxospore  calls  created  during  these  sexual 
intervals  could  display  genetic  variability,  I  hypothesized  that 
the  extent  of  variation  In  the  patterns  of  cell  size  change 
exhibited  by  the  different  populations  resulted  from  the  fact  chat 
the  genetic  composition  of  a  population  can  vary  over  time. 

Sex  Determination 

As  mentioned  previously,  diatoms  are  monoecious  and  thus  each 
cell  can  form  either  male  or  female  gametes.  Essentially  nothing  is 
known  about  how  this  decision  making  process  Is  achieved  In  diatoms, 
The  reported  environmental  cues  often  differ  slightly  between  males 
and  females  (Steele  1965,  Holmes  1966,  Mlglta  1967b).  For  Instance, 
in  Mflloslra  monlliformlti  (Mlglta  1967)  and  Sk»ltton0mM  oostatum 
(Mlglta  1967b),  cells  maintained  In  higher  light  Intensities  form 
females  rather  than  males,  whereas  In  Stsphanopyxis  p^lmeriana 
(Steele  1965),  Just  the  opposite  Is  true.  Cell  size  has  also  been 
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observed  to  Influenoe  the  sex  of  a  call,  For  axampla,  in  CyalotallM 
meneghlnlana  (Rao  1971),  oalla  within  tha  low  and  of  cha  Induolbla 
siza  spactrum  form  malai  wharaaa  tha  largar  Induolbla  oalla  form 
famalaa,  As  with  anvlronmantal  ouas,  exactly  tha  oppoaita  response 
oan  be  found  In  other  diatoms;  Chaatocaros  diadama  forms  famalas 
from  small  cells  and  males  from  larger  calls  (Hargraves  1972), 

Future  Studies 

Our  understanding  of  those  faotoro  which  allow  a  cell  to  be 
exit  the  mitotic  cycle  and  undergo  sexual  reproduction  la  still 
quite  limited.  Although  the  obtalnment  of  an  appropriate  call  size 
Is  strongly  correlated  with  an  ability  to  respond  to  environmental 
cues  (e,g,  Drabes  1977b},  this  permissive  size  range  can  vary  among 
different  isolates  of  a  single  species  (chapter  3).  Moreover,  not 
all  the  cells  within  an  appropriate  size  range  respond  to  induction 
triggers  («.g.  Findlay  1969,  Warner  1971).  For  instance,  I  found 
that  only  cells  In  the  stage  of  their  cell  cycle  can  initiate 
sperinatogenesis  In  response  to  a  change  in  light  intensities 
(chapter  2),  (see  section  on  Environmental  Induction  Signals). 
However,  even  within  this  oategory,  a  portion  of  ths  oalla  may 
still  not  rsapond  to  ths  Induction  signal.  Other  parameters  bssldss 
cell  size  or  even  cell  cycle  stage  muat  differentiate  small 
inducible  cells  from  small  unlnduclble  ones.  Could  this  also  be  whet 
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rtiff«rentl«e*i  poit*auxoipor«i  from  induolbU  o«Ili?  In  R«o*i  rftudy 
(1971),  whmt  ptrmittid  o«lli  to  form  loquontial  soto  of  auxoiporei? 

Many  of  thaaa  typaa  of  quaatlona  raqulra  an  undaratandlng  of 
the  underlying  maehaniama  of  the  Induction  of  aaxual  reproduction. 
However,  aa  is  apparent  from  an  inspection  of  Table  1,  a  common 
component  of  sexual  cues  is  some  form  of  environmental  stress.  This 
fact  makes  an  assessment  of  the  processes  underlying  the 
environmental  induction  of  gametogensla  quite  complicated  since  the 
cues  generally  elicit  a  host  of  physiological  responses,  moat  of 
which  are  unrelated  to  the  induction  of  gametogenesis  (e.g. 
Goodenough  1983).  Assuming,  however,  that  certain  calls  for  at 
least  a  portion  of  their  life  cycle  are  unresponsive  to  induction 
signals  (see  section  on  Slse  Control  of  Sexuality),  details  of  the 
physiological  changes  preceding  the  onset  of  gametogenesis  can  be 
compared  between  inducible  and  these  unresponsive  cells.  Those 
changes  whioh  are  unrelated  to  the  induction  of  gametogenesis  will 
be  common  to  both  populations.  Early  changes  found  only  in  the 
responsive  population  should  be  associated  with  induction, 


CONCLUSIONS 

Diatoms  are  apparently  unique  among  the  phytoplankton  because 
they  are  diploid  and  because  they  display  a  gradual  decrease  in  cell 
siae  over  successive  generations.  Numerous  studies  have  linked  the 
obtainment  of  an  appropriate  cell  siss  with  susceptibility  to  these 
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Induction  algnali.  Th«  fact  that  oftan  only  a  portion  of  tha  calla 
within  an  inducible  alza  ranga  raaponda  to  a  glvan  aignal  indicates 
that  other  factors  beaides  cell  alaa  muat  control  sexuality.  It  is 
now  clear  that  the  call  cycle  distribution  of  a  population  upon 
induction  can  influence  tha  proportion  of  oella  that  can  respond  to 
an  induction  signal.  In  addition,  both  the  aiae  at  which  a  cell  can 
undergo  aexual  reproduction  and  tha  maximum  aiae  of  a  post  auxospore 
cell  can  display  genetic  variability. 

Since  diatoms  are  diploid,  genetic  recombination  during  sexual 
reproduction  will  generate  variability  in  the  genotypes  and  perhaps 
even  the  phenotypes  of  tha  individual  cells  within  a  given 
population  over  time.  This  means  that  many  aspaota  of  tha  behavior 
of  diatoms  may  be  quite  variable,  •  feature  of  diatom  populations 
which  must  be  kept  in  mind  as  attempts  are  mads  to  understand  the 
details  of  the  physiology  of  these  organisms. 
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Table  1.  Stanary  of  sexual  indoctrloa  signals  reported  for  a  nvnber  of  centric  diatons. 
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gceretonena  coscatxB  li^t  fl/T/A  HlgiCa  1967b 

silica  M/F/A  Davis  et  al.  1973 


Table  1.  coBC. 
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ABSTRACT 


The  oentrlo  diatom,  ThslMslosirM  wtlaailogli  Grun. ,  can  be 
Induced  to  undergo  ipermatogeneeU  by  expoalng  cella  maintained  at 
saturating  levels  of  continuous  light  to  either  dim  light  or 
darkness,  Using  flow  cytometry  to  determine  the  relative  DNA  and 
chlorophyll  content  per  oell,  the  number  of  cella  within  a 
population  which  responded  to  an  Induction  signal  was  measured, 

From  0  to  over  90%  of  a  population  could  differentiate  Into  male 
gametes  depending  upon  both  the  Induction  trigger  and  the  population 
examined,  regardless  of  cell  stxe, 

Through  the  use  of  aynohronlsed  cultures,  we  demonstrated  that 
responsiveness  to  an  Induction  trigger  Is  s  function  of  oell  cycle 
stage;  cells  in  early  are  not  yet  oommltted  to  complete  mitosis 
and  can  be  Induced  to  form  male  gametes,  whereas  cells  further  elong 
In  their  cell  eyole  are  unresponsive  to  these  same  cues,  A  simple 
model  combining  the  Influenoe  of  light  on  the  mitotic  oell  cycle  and 
on  the  Induction  of  spermatogenesis  has  been  developed  to  explain 
the  observed  diversity  In  population  responses  to  changes  in  light 
conditions. 

Key  Index  words;  cell  oyole,  diatom,  light,  sexual  reproduction 


-43- 


L 


! 


DLatomi,  llk«  all  unloallular  algaa,  raproduoe  pradomtnantly 
via  tnlcotio  divlalon,  Tha  dtaton  fruatula  la  genarally  unable  to 
expand  aploally  during  thaae  mitotic  divialona  resulting  in  a 
decrease  in  the  mean  cell  size  of  a  population  and  an  increase  in 
the  standard  deviation  about  this  mean  over  successive  generations 
(MacDonald  1869,  Rao  and  Desikaohary  1970,  Round  1972).  The  most 
common  manner  of  escaping  this  trend  of  diminishing  cell  size  Is 
through  sexual  reproduction.  It  is  commonly  believed  that  once 
cells  reach  a  diameter  less  than  30*40%  of  their  species*  maximum 
diameter  I  they  can  be  induced  by  an  environmental  trigger  to  exit 
the  mitotic  Cycle  and  undergo  gametogenesls  (e.g,  Drebea  1977).  The 
resulting  male  and  female  haploid  gametes  combine  to  create  a 
diploid  auxospore  which  enlarges  outside  the  confines  of  the 
parental  frustule  to  produce  a  cell  many  times  larger  than  either 
parent  (e.g.  Miglta  1967,  Rao  1971).  This  newly  created  cell  then 
proceeds  along  the  asexual  pathway  until  an  appropriate  trigger  once 
again  elicits  gametogenesls. 

Although  the  developmental  pathways  of  both  spermatogenesis 
and  oogenesis  have  been  well  documented  in  a  number  of  diatom 
species  (von  Stosoh  1930,  Manton  st  al.  1969a, b  1970a, b,  Drebes 

1972, ),  the  underlying  mechanisms  for  triggering  these  pathways 
remain  elusive.  A  suite  of  factors  including  light  (e.g.  Drebes 
1966,  Furnas  1983,  Vaulot  and  Chisholm  1967),  nutrients  (e.g.  Davis 

1973,  French  and  Hargraves  1985),  salinity  (e.g.  Schultz  and  Trainer 
1968)  and  temperature  shifts  (e.g..  Holmes,  1966)  have  all  been 
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Inplioacad  in  Initiating  thia  awitch  from  aatxual  to  aaxual 
reproduotion. 

Ua  racantly  diacovarad  a  maana  of  inducing  tha  cantrio  diatom 
ThslsMtlotir*  w»l»9flogli  to  undatgo  aparmatoganaala  (Vaulot  and 
Chlaholm  1987),  Upon  tha  return  of  a  dark  arraated  population  to 
oontinuoua  lighti  a  portion  of  tha  oalla  diffarantlatad  into  mala 
gamataa,  Tha  majority  of  the  population,  however,  apparantly 
"ignored"  thia  cue  and  continued  dividing  aaaxually.  Thia 
hataroganaoua  raaponaa  of  diatom  populationa  to  an  environmental 
algnal  haa  bean  obaarved  frequently  and  ia  often  attributed  to  tha 
non*roaponaivanaao  of  large  calla,  However,  even  within  a 
purportedly  appropriate  aiae  range,  often  only  a  fraction  of  a 
culture  reaponda  to  the  cue  (e.g.  Findlay  1969,  Varner  1971).  Thia 
obaervation  oomplloataa  any  aimple  reletionahip  between  relative 
call  alae  and  auaceptiblllty  to  an  induction  trigger  and  auggeata 
that  additional  factora  muat  underlie  the  hataroganaoua  raaponaea  of 
populationa,  The  goal  of  our  atudy  with  T,  weiaaflofii  wee  to 
explore  raaponaivanaaa  to  an  induction  aignal  aa  a  function  of  both 
call  alia  and  cell  cycle  atage. 


MATERIALS  AND  METHODS 


Clonal  iaolatea  of  7.  w«l»»£logli  clone  Aotin  (from  tha 
Culture  Collection  of  Marine  Phytoplankton,  Bigelow  Laboretoriaa  for 
Ocean  Solenoea)  were  obtained  by  iaolating  coloniaa  from  2%  agar 
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platai  and  tranafarring  tham  to  t/2  anriohad  aaawatav  madia 
(Gulllard  1975}  with  nitrata  aa  tha  nitrogan  aouroa.  Culturaa  of 
thaaa  iaolataa  weta  obtainad  whoaa  volumaa  tangad  from  approKimataly 
600  to  1200  pm^  (aa  datarminad  with  a  Coultar  Blaotronloa  Modal 
Z^/C256  olactronio  partiola  oountar).  Although  Coultar  valuaa  are 
datarminad  by  aaauming  that  aaoh  partiola  ia  a  aphara,  thaaa 
diomatara  aeourataly  pradiotad  tha  apical  dlamatar  of  oalla  maaaurad 
indapandantly  with  a  mloroacopa,  Each  axpariment  began  with  aami- 
contlnuoua  oulturaa  of  the  varioua  iaolataa  maintained  at  20°C  in 
aaturating  lavcla  of  contlnuoua  illumination  (oool*whlte 
fluoraaoent) ,  In  all  Inatanoea,  unleaa  apecifioally  atatad,  the 
photon  flux  danaity  (PFD)  waa  eonatant  at  250  ^R'm‘^'aac'^  aa 
maaaurad  with  a  Bloapharioal  Inatrumanta  modal  QSLIOO  Irradlanoa 
meter.  A  Turner  fluoromatar  waa  uaad  to  monitor  daily  ohangaa  In 
tha  in  vivo  fluoraaoanoa  of  tha  oulturaa  to  determine  growth  rataa 
(Brand  at  al.  1981).  During  tha  aorting  axparimanta,  call  number 
waa  determined  mioroacopioally  with  a  Puoha/Roaanthal  hamoeytomatar, 
A  minimum  of  300  calla  ware  counted  for  aaoh  aampla,  For  all  other 
axparimanta,  call  number  and  volume  diatributiona  ware  datarminad 
with  the  Coultar  Counter. 

To  detarmina  ONA  content  par  oall,  live  aamplaa  ware  atainad 
with  10  ^g‘ml'^  of  tha  ONA  fluoroohroma  Hoeaoht  33342  (Calbiooham, 

La  Jolla,  CA)  for  at  laaat  10  min  and  ralativa  DNA  and  chlorophyll 
fluoraaoanea  ware  maaaured  with  either  a  mioroaoopa  baaed  (Olaon  at 
al.  1983,  Frenkel  at  al,  1988)  or  a  Coultar  Epioa  V  flow  cytometer. 


\ 
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In  both  ■yitemoi  UV  •xoltatlon  wm  36S  nin  «nd  chlorophyll 
fluortieonoo  omtiilon  wch  mociurtd  botwoon  660*700  nnt.  DNA 
flvtortsotneo  •mLislon  (Hooioht  33342}  v«a  moaiurtd  batwoan  430*470 
nm  on  the  mloroioopa  baaad  flow  oytomatar  and  batwaan  418*530  nn  on 
tha  Bpioa  V.  All  aortlng  axparlmanta  vara  eonduotad  ualng  tha 
■orcing  oapabllLclaa  of  tha  Epioa  V. 

Baoauaa  aotna  of  tha  atagaa  in  tha  formation  of  mala  gamataa 
ara  not  aneloiad  within  a  fruatula  and  ara  tharafora  particularly 
saniitiva  to  tha  fixation  prooaaa  normally  uaad  for  DNA  analyaai 
(Olaon  at  al,  1983),  only  liva  aamplaa  wara  analysad,  Thla  alio 
allowad  ua  to  maaiura  chlorophyll  fluoraaoanca  par  call  which 
Inoraaiad  our  ability  to  dlaoriminata  batwoan  tha  varioua  laxual 
itagai.  Baoauaa  tha  ooafftelant  of  variation  of  DNA  maaauramanta  ia 
graatly  Inoraaaad  in  liva  oalla  (Olaon  at  al.  1983),  howavar,  wa 
oould  only  divida  tha  call  eyola  of  tha  vagatatlva  oalla  Into  tha 
and  02  atagaa  whloh  ara  aaaumad  to  rapraaant  a  DNA  oontant  of  2o  and 
4o,  raapaotlvaly  (whare  o  rapraaonta  chromoaoma  oomplamont). 

A  known  quantity  of  praaarvad  nuolai  from  calf  thymooytaa 
(Ortho  Oiagnoatio  Syatama)  waa  addod  to  aaoh  aampla  to  aot  both  aa 
an  intarnal  atalnlng  atandard  and  to  parmit  a  calculation  of  tha 
donaity  of  oalla  within  a  givan  aubpopulation.  At  laaat  30,000 
oalla  wara  analyaad  for  aaeh  traatmant  at  a  minimum  of  two  aaparate 
tlma  pointa. 

Tha  flow  oytomatrlo  data  wara  atorad  aa  two  paramatar 
hlatograma  of  oorralatad  DNA  and  chlorophyll  fluoraaoanoa  of  althar 


6A  X  64  (Epios  V)  ov  128  X  128  (mieroioop*  b«s«d)  ahannal 
rtaolutlon.  Thi  data  ganaratad  with  elthar  Initrunont  wara 
tranafarrad  to  an  IBM  9000  oomputar  for  datallad  analyaii  (Vaulot 
1986). 

RESULTS 

Datnetlon  and  analyaia  of  Mparaiatoganaala .  Whan  7. 
waiaa/iog'Ii  populatloni  wara  maintainad  in  aaturatlng  Intansitiaa  of 
oentinuoua  light,  a  typical  flow  oytomatrio  "aignatura"  of  a 
population  ravaalad  that  tha  majority  of  tha  oalla  wara  looatad  in 
althar  tha  or  02  portion  of  tha  call  oycla  (fig,  lA)  i  faw  if  any 
mala  gamataa  wara  produced  in  thaaa  oulturaa,  aa  ahown  by  a  ganaral 
abaanoa  of  oalla  with  anything  other  than  two  or  four  complamanta  of 
DNA.  Galla  tranafarrad  from  oontinuoua  light  to  prolonged  darknaaa 
did  not  undergo  aparmatoganaaia  in  tha  dark,  again  aa  indicated  by 
tha  praaanoa  of  oalla  in  only  tha  or  O2  phaaa  of  tha  call  cycle 
(Fig,  IB).  An  interruption  of  growth  in  oontinuoua  light  with  12  h 
of  darknaaa,  however,  induced  a  portion  of  a  population  to  exit  tha 
mitotic  call  cycle  and  undergo  aparmatoganaaia  (Fig.  1  C>H). 

At  tha  and  of  tha  12  h  dark  interval,  tha  induced  and  non- 
Induoad  oalla  within  tha  population  ware  indlatinguiahabla  both 
morphologically  and  flow  oytomatrioally  (of.  Fig.  lA,  C).  After  3  h 
of  light  expoaura,  however,  a  low  chlorophyll  aubpopulation 
developed  creating  a  diatortion  in  tha  flow  oytomatrio  aignatura  of 
the  vegetative  calla  (Fig.  ID).  Two  h  later,  two  aubpopulationa 
amargad  with  lower  chlorophyll  fluoraaoanoa  than  althar  the  0]^  or  02 
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otlli;  onci  oontlattd  of  coils  with  o  G2  oomplsroont  of  DNA  <4o)  and 
Ohs  othsr  oonilstsd  of  cslli  with  twios  this  amount  of  DNA  (80) 

(Fig.  IE).  Soon  thsrssftsr,  ehs  now  4o  and  80  subpopulatlons  wars 
wall  dlMClngulshsd  from  ths  vsgstatlvs  oslls  by  vlrtus  of  ths 
Inorsaisd  chlorophyll  fluorssosnos  of  ths  vsgstatlvs  cslls 
(rssultlng  from  ths  rsturn  to  continuous  light)  (Fig.  IF).  Twslvs  h 
aftsr  ths  rsturn  to  ths  light  (Fig.  IG),  two  mors  subpopulatlons 
dsvslopsd  with  2o  and  Ic  DNA  oontsnts.  By  this  tlms.  ths  flux  of 
cslls  from  ehs  vsgstatlvs  to  ths  low  chlorophyll  populations  was 
oomplsts  and  ths  low  chlorophyll  oslls  simply  flowsd  from  ths  80  to 
ths  lo  population.  Approxlmstsly  30  h  sftsr  ths  rsturn  to 
continuous  light,  ths  majority  of  ths  low  chlorophyll  oslls 
oontslnsd  a  Ic  amount  of  DNA  (Fig.  IH). 

Morphological  Idsntlfioatlon  of  thsss  various  subpopulatlons 
was  obtalnsd  using  ths  sorting  ospabllltlsi  of  ths  Bplos  V  flow 
oyeomstsr.  Ths  sorted  calls  wars  sxsmlnsd  mloroscoploally  (Fig.  2) 
and  wars  found  to  fit  ths  descriptions  In  ths  lltsraturs  of  ths  male 
sexual  stages  (s.g.  Drsbss  1977).  Ths  80  population  oorrsspondsd  to 
spsrmatogonsngla  containing  two  4o  spermatocytes  within  a  single 
frustuls  (Fig.  2B).  Ths  4e  population  consisted  of  naked 
spermatocytes  free  of  ths  frustuls  (Fig.  2C)  and  the  2c  population 
were  small  flagellated  cells  (Fig.  2D).  Ths  lo  cells,  which  are  ths 
culmination  of  this  proosss,  were  motile  sperm  (Fig.  2B).  Ths 
developments!  pathway  of  T,  walttflogil  adhered  to  ths  relatively 
common  hologsnous  type  described  by  Drsbss  (1977),  since  each 
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Fig,  1,  Flow  oytomobrlo  ilgn«turo«  of  rolativ*  DNA  and  chlorophyll 
fluoreacanca  p«r  call  naaaurad  undar  thraa  dlffarant  light 
ragimea,  A)  An  axponantially  growing  population  maintainad  In 
continuoua  light  and  B)  tranafarrad  to  an  axtandad  intarval  of 
darknaaa  (94,5  h).  C*H)  Tima  oouraa  of  gamatie 
differentiation  in  a  aacond  population  that  had  bean 
tranafarrad  to  the  dark  for  12  h  and  roturnad  to  continuoua 
light  at  t«>0  h.  The  contour  lavala  rapraaent  0,008,  0,012, 
0,020,  0.036,  0,064,  0,108,  and  0.158  I  of  the  total  call 
number. 
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Fig.  2.  Flow  cytometric  signature  ot  an  induced  population 

containing  all  four  of  the  stages  In  the  formation  of  male 
gametes,  The  contour  levels  repreiisnt  28,  L2,  63,  95,  142, 
213,  320  and  480  colls,  A)  A  vegetative  cell,  B)  an  8c 
apermatogonanglum  containing  two  4c  spermatocytes,  C)  a  4c 
spermatocyte  remaining  Inside  one  half  of  the  mother  frustule, 
0)  a  small  2c  cell,  and  E)  a  Ic  sperm.  Scale  bars  «■  10  ;um. 
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Relative  DNA  Fluorescence 
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naiotlc  division  wa«  accompanied  by  oycokinaals.  Thla  aama  general 
time  course  of  dlffercntiaclon  was  observed  regardless  of  the  7. 
waissflogll  isolate  examined  and  is  similar  to  that  observed  by 
Manton  at  al.  (].970b)  for  Lithodesmlum  undulMCum, 

Uith  thla  understanding,  we  were  able  to  calculate  the  number 
of  cells  In  a  given  population  that  was  originally  induced  to  exit 
the  mitotic  cell  cycle.  At  various  times  after  the  release  of  the 
population  Into  the  light,  the  number  of  cells  in  each  of  the  sexual 
stages  was  determined  (Fig,  3A),  and  the  number  of  vegetative  cells 
that  had  therefore  been  triggered  to  differentiate  into  gametes  was 
calculated  according  to  the  following  equations: 

t  <  8  h  after  release  into  the  light:  (1) 

V  -  (A  +  a  +  C/4  +  D/8) 

t  >  8  h  after  release  Into  the  light;  (2) 

V  -  (A  +  B/2  +  C/4  +  D/8) 

where  V  «  the  number  of  vegetative  cells  that  have  exited  the  cell 
cycle  and  are  committed  to  undergo  spermatogenesis;  A,  B,  C,  and  D  ■> 
the  number  of  8o,  4c,  2o,  and  Ic  cells,  respectively,  present  within 
the  population  at  a  given  time.  These  two  squatione  differed 
slightly  because  the  4e  flow  cytometry  signature  represented  two 
different  cell  types  as  exemplified  by  the  blmodal  distribution  in 
the  number  of  4o  cells  over  time  (Fig.  3A) .  Initially,  the  4o  call 
was  derived  directly  from  an  induced  parent  cell  and  remained 
enclosed  within  the  frustule  (Eq.  1),  A  peak  in  the  number  of  these 
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oalla  ooourrad  apprexlnataly  6*8  h  Into  tho  dif£«r«ntUtlon  proeaaa 
(Fig.  3A) I  at  which  point  tha  paak  daollnad  rapidly  aa  premalotlo 
DNA  aynthaala  waa  Initlatad  and  tha  8c  calla  wara  formad,  ^  faw 
houra  latar,  tha  numbar  of  4c  oalla  again  Inoraaaad  aa  tha  two  nakad 
4c  apacmatooytaa  wara  ralaaaad  from  aach  aparmatogonanglum.  Thua, 
tha  numbar  of  thaaa  4o  oalla  raflaotad  ona  half  tha  numbar  of 
originally  Induoad  oalla  (Eq.  2).  Tha  timing  of  thla  tranaltlon 
from  4o  oalla  within  tha  fruatula  to  nakad  aparmatocytaa  varlad  only 
■lightly  batwaan  axparlmanta,  Howavar»  to  anaura  that  tha  plataau 
in  tha  numbar  of  Induoad  oalla  waa  obtalnad  (Fig,  3B) ,  a  minimum  of 
two  tlma  polnta  wara  alwaya  analyaad  for  aaoh  traatmant. 

Through  thla  analyala  tha  proportion  of  oalla  chat  wara  not 
raoaptlva  to  tha  induction  oua  waa  aaclmatad  (Fig,  3B) . 

Approxlmataly  3‘5  h  aftar  tha  dark  induoad  population  waa  raturnad 
to  tha  light,  tha  numbar  of  vagatativa  oalla  auddanly  daollnad  aa  a 
portion  of  tha  population  axltad  tha  mltotlo  oall  oyola  and 
Initlatad  aparmatoganaaia  (Fig.  3B).  Tha  antranea  Into  gamata 
formation  waa  fairly  aynohronoua,  ooourrlng  within  a  3*S  h  window. 
Aftar  tha  Initial  daolina  in  vagatativa  oall  numbar,  aaaxual 
divlaion  oontinuad  at  approxlmataly  tha  aama  rata  aa  bafora 
Induotion  (doubling  tlma"10.4  h,  Fig.  3B) .  A  plataau  in  tha  numbar 
of  induoad  oalla  ooourrad  batwaan  10  and  18  h  aftar  tha  population 
waa  raturnad  to  tha  light.  Tha  numbar  of  induoad  oalla  than 
daollnad  and  tha  aparm  bagan  to  diaappaar,  Tha  mala  aaxual  oalla 
had  dlaappaarad  from  tha  madia  approxlmataly  50  h  aftar  tha  dark 
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Fig.  3.  Mitotic  divlilon  And  the  formation  of  tha  mala  aexual 
atagaa  aa  a  function  of  tima  in  a  population  Inducad  to 
undergo  aparmatoganaaia  with  twalva  h  of  darknaaa  (aa 
daaorlbad  In  Fig.  1).  t->0  h  la  tha  time  of  tha  ralaaaa  of  tha 

population  Into  continuoua  light.  A)  Tha  mean  danalty  (of 
raplioata  flaaka)  of  each  of  tha  atagaa  In  t''a  formation  of 
mala  gamataa.  B)  Tha  number  of  calla  In  tha  original 
population  which  continued  reproduo ing  aaaxually  (□)  and  the 
number  of  calla  which  formed  mala  gamataa  (a) .  Error  bare 
larger  than  tha  aymbol  aiaa  are  shown  and  rapreaant  the 
standard  deviation  of  raplioata  flaaka. 
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Inducad  population  was  racurntd  to  continuous  Light,  Prssutnably  th« 
sparm  simply  dlslntsgtatad,  as  no  sign  of  auxospors  formation  was 
obssrvsd  during  or  for  approximately  one  week  after  this  Interval. 

Jt0l4tlonghlp  between  cell  0IB0  and  reeponalveneaa  to  a  dark 
induction  Mlgngl,  Isolates  with  mean  Coulter  volumea  ranging  from 
600  to  1200  pn}  (see  Methods)  wore  exposed  to  12  h  of  darkness,  and 
the  percentage  of  each  population  which  underwent  apermatogenesla 
was  determined  (Fig.  UK),  No  relationship  between  the  percentage  of 
colls  which  formed  gametes  and  the  mean  Coulter  volume  of  a  culture 
was  observed.  Cultures  representing  widely  different  else 
distributions  (Fig.  4B)  yielded  a  comparable  percentage  of  induced 
cells  whereas  other  cultures  representing  nearly  identical  alee 
distributions  (Fig.  4C)  resulted  in  very  different  responses.  We 
concluded  that  in  the  Isolates  we  examined,  the  induction  of 
spermatogenesis  was  unrelated  to  cell  sIks.  We  should  note, 
however,  that  the  average  Coulter  volume  of  the  largest  T. 
weissfiofii  Isolate  that  we  have  obeerved  in  culture  Is  2000  pa? 
(Armbrust  and  Chisholm  unpubl,  data),  thus  many  of  the  cultures  used 
In  this  experiment  contained  cells  that  were  leas  than  the  maximum 
siie.  Very  large  cells  may  be  unresponsive  to  Induction  signals. 

Inf iusnoe  of  dark  interval  duration  on  spermatogenssia.  We 
examined  whether  the  duration  of  dark  exposure  Influenced  the 
proportion  of  a  culture  that  was  induced  to  undergo  spermatogenesis 
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by  aubjtotlng  populations  to  a  rango  of  dlffatant  llght/dark 
vagimai.  A  oultura  nalntatnad  in  oontlnuoua  light  waa  tranifarrad 
to  tha  dark  for  a  total  of  16  h  and  aubaamplaa  wara  ramovad  avary  2 
h  and  raturnad  to  oontlnuoua  llluninatlon.  Tha  rasultlng  paroantaga 
of  oalla  Induoad  to  undargo  iparmatoganasli  was  than  datarmlnad  for 
aaoh  population,  Baoauaa  oall  division  oontlnuas  for  soma  tlma  In 
tha  dark,  tha  proportion  of  tha  population  Induoad  to  undargo 
aparmatoganaals  was  normallsad  to  tha  numbar  of  oalls  prasant  at  tha 
and  of  aaoh  dark  Intarval, 

Coll  division  oontlnuad  for  approxlmataly  10  h  In  tha  dark 
(Pig,  5A)  until  all  tha  oalla  wara  blookad  In  althar  0^  or  O2  (Fig, 
IC;  VauLot  at  al.  1986),  Zntsrastlngly,  tha  paroantaga  of  oalls 
that  undarvant  aparmatoganaals  also  Inoraasad  as  tha  duration  of  tha 
dark  Intarval  was  langthanad  to  10  h  (Fig,  5B),  Indicating  that 
oalla  oontlnuad  to  ba  Induoad  during  tha  dark  parlod  and  not  simply 
upon  a  transfar  to  darknasa,  A  strong  poaltlva  oorralatlon  was 
obssrvad  batwaan  tha  numbar  of  oalls  that  dlvldad  during  tha  dark 
Intarval  and  tha  numbar  of  oalls  that  subsaquantly  fornad  gamataa  In 
tha  light  (Fig,  SC),  Onoa  oall  division  stopped  In  the  dark  no  mors 
oalls  wara  Induoad  to  undargo  sparaatoganafls  thus  suggastlng  that 
oall  eyola  prograsslon  during  tha  dark  Intarval  la  a  naoasaary 
oomponsnt  of  Induotlon. 

rhs  rois  of  light  Intentlty,  Horphologloal  dlffarantlatlon 
did  not  bagln  In  any  of  tha  Isolates  examined  until  tha  dark  Induoad 
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Fig.  4.  Tha  Influanoa  of  oall  alia  on  tha  induotion  of 

apatmatoganaala.  K)  Maximum  paroantaga  of  population!  induead 
to  undargo  aparmatoganaali  aa  a  function  of  tha  maan  Coultar 
voluma  of  tha  population.  Eaoh  population  vaa  Induoad  to 
undargo  apatmatoganaala  with  12  h  of  darknaaa.  Cloaad  eirolaa 
and  artowa  Indlcata  oulturaa  axamlnad  In  B  and  C,  Error  bara 
largar  than  tha  aymbol  aiaa  ara  ahown  and  rapraaant  tha 
atandard  arror  of  trlplioata  flaaka.  B)  Tha  Coultar  voluma 
dlatrlbutlona  of  tha  two  laolataa  markad  ”B"  In  A  that 
diaplayad  a  oomparabla  laval  of  Induotion.  Sixty>alx  paroant 
of  a  population  with  a  maan  Coultar  voluma  of  660  pm^ 
undarwant  apatmatoganaala;  a  aimllar  paroantaga  of  tha 
population  with  a  much  gtaatar  maan  Coultar  voluma  waa  Induoad 
to  form  mala  gamataa.  C)  Tha  Coultar  voluma  dlatrlbution  of 
tha  laolataa  markad  **0"  In  A.  For  thaaa  two  laolataa,  7% 
varsua  SS%  of  tha  population!  undarwant  apatmatoganaala  avan 
Chough  thay  diaplayad  tha  aama  aiaa  dlatrlbution. 
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Fig,  9,  Induotlen  of  tparmAtogAnaali  within  a  ilngla  oulturt  «■  a 
function  of  tho  duration  of  dark  traatmant,  A)  Call  number  a« 
a  function  of  time  in  tha  dark.  Tha  population  waa 
tranafarrad  from  oontinuoua  light  to  darknaaa  at  t»0  h,  and 
raplioata  aubaamplaa  Ware  ranovad  from  tho  dark  avary  2  h  and 
raturnad  to  c'.ontinuoua  light.  B)  Maximum  paroantaga  of  calls 
induced  to  undergo  aparmatoganaaia  aa  a  function  of  tha  amount 
of  time  in  tha  dark,  Tha  paroantaga  la  calculated  using  tha 
“plateau”  region  of  the  Induotion  curve  (of.  Fig.  3E).  G) 
Number  of  oalla  which  divided  during  tha  dark  Interval  varaua 
tha  number  of  calls  which  formad  gamataa  after  tha  population 
was  raturnad  to  tha  light.  Error  bars  larger  than  tha  symbol 
alia  are  shown  and  rapraaant  tha  standard  deviation  of 
roplleata  culturaa, 
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population  waa  ratutrnad  to  tha  light  (Fig.  1)  auggastlng  that  light 
funotionad  aithar  aa  an  additional  aignal  (Kuhlamalar  at  al,  1987) 
which  allowed  diffarantiatlon  to  prooaad,  or  aa  a  nacaaaary  anargy 
aourca  for  oontlnuad  davalopmant.  To  diatinguiah  batwaan  thaaa  two 
hypothaaaB)  oalla  wara  malntainad  in  250  /iE'tn*^ 'sao*^  of  oontinuoua 
illumination  <aaturating  for  growth,  aaa  balow),  placed  in  tha  dark 
for  12  h,  and  ahiftad  to  a  variety  of  aaturatlng  (Fig.  6A)  and 
aubaaturating  (Fig.  6B)  FFDa.  Tha  time  oouraa  of  gamete  formation 
waa  than  datarminad  for  aaoh  light  ragima. 

To  our  aurprlaa.  wa  found  that  a  muoh  larger  pareantaga  of 
oalla  wara  induced  to  undergo  aparmatoganaala  whan  oulturaa  wara 
ahiftad  from  darknaaa  to  aubaaturating  rather  than  aaturatlng  PFOa 
(Fig,  6A,  B) ,  Koraovar,  tha  dark  induced  populationa  that  wara 
ahiftad  to  a  variety  of  aaturatlng  FFDa  aaoh  formed  approximately 
tha  aama  maximum  pareantaga  of  gamataa  (Fig.  6A) .  In  oontraat.  tha 
pareantaga  of  ealla  that  formed  gamataa  under  aubaaturating  FFDa  waa 
a  function  of  PFD;  tha  highar  tha  FFO  (up  to  aaturatlng  lavala),  the 
graatar  tha  pareantaga  of  calla  which  underwent  aparmatoganaala 
(Fig.  6B) ,  Subaaturating  light  Itaalf  appeared  to  function  aa  an 
induction  aignal. 

To  teat  thia  poaalbility,  populationa  that  had  bean  placed  in 
tha  dark  for  twelve  h  and  than  ahiftad  to  a  range  of  FFDa  (Fig.  6C, 
D)  ware  compared  with  populationa  ahiftad  directly  to  thoae  aama 
FFDa  without  the  preceding  twelve  h  of  darknaaa  (Fig.  6E,  F) .  Celia 
ahiftad  dlraotly  from  aaturatlng  to  aubaaturating  FFDa  of  laaa  than 
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to  darkneei  wai  not  a  neoaaaary  atop  (Fig.  6F).  Moreover,  the 
magnitude  and  the  tlno  course  of  tha  reaponaa  of  aach  population 
ihiftad  to  aubaaturatlng  PFDi  was  almost  identical  regardless  of 
whether  or  not  darkness  was  included  as  a  part  of  tha  induction 
sohema  (of.  Figs.  6D,  F) .  In  each  instance,  a  peak  in  tha 
pareantage  of  tV  population  induced  to  undergo  sperms toganas la  was 
observed  approximately  one  day  after  tha  oultures  were  shifted , 

Tha  maximum  percentage  of  a  population  induced  to  undergo 
aparmatogenasls  was  many  times  higher  in  the  i  opulationa  shifted  to 
subsaturatlng  rather  than  saturating  PFDs  (Fig.  7)  regardless  of 
whether  or  not  dark  induction  was  included,  The  percentage  of  cells 
induced  to  form  gametes  increased  as  the  PFO  of  the  shift  and  thus 
the  growth  rate  in  these  new  oonditions  increased  (Fig.  7,  inset) 
until  saturating  PFDs  were  approaohed,  At  this  point  a  drastic 
deoresse  was  observed  in  the  proportion  of  the  population  that 
underwent  spermatogenesis  (Fig.  7). 

Th§  rol§  of  the  oeil  eyel§.  The  dark  induetion  and  light 
intensity  experiments  suggested  that  a  transfer  to  dim  light  or 
darkness  functioned  as  an  induction  signal  only  when  cells  moved 
into  or  through  a  particular  portion  of  their  oell  cycle . 

Populations  of  cells  representing  distinct  cell  cyole  stages  were 
necessary  to  teat  this  hypothesis.  Since  T.  weirsfiofiX  cells 
arrest  in  both  and  O2  in  the  dark  (Vaulot  et  al.  1986),  in 
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Fig,  6. .  Percentages  o£  cells  Induced  to  undergo  spermatogenesis  as 
a  function  of  time  under  a  range  of  different  light  regimes, 
Populations  maintained  in  250  /lE’m'^'sec*^  of  light  were 
placed  in  the  dark  for  twelve  h  and  then  shifted  to  either  (A) 
saturating  or  (B)  subsaturating  photon  flux  densities.  The 
number  of  cells  induced  to  undergo  spermatogenesis  was 
normalized  to  the  number  of  cells  present  at  the  end  of  the 
dark  Interval,  C,  D)  Since  subaaturating  light  can  function 
as  an  induction  signal,  the  same  data  as  In  A  and  B  were 
normalized  to  the  number  of  cells  present  at  the  time  the 
culture  was  sampled  (note  the  change  In  scale)  to  permit  n 
direct  comparison  with  populations  transferred  directly  to  the 
various  saturating  (P<)  and  subsaturating  (P)  PFDs  without  the 
accompanying  12  h  of  darkness,  Error  bars  larger  than  the 
symbol  size  are  shown  and  represent  the  standard  deviation  of 
replicate  flasks. 


Pig.  7,  The  maxlmuin  proportion  of  each  population  deiorlbad  in  Fig. 
6C,  D|  E,  and  F  which  underwent  apermatogeneala  when  shifted 
directly  to  the  various  light  intensities  (□)  or  first  placed 
In  the  dark  for  12  h  and  then  shifted  (O) ,  Error  bars  larger 
than  the  symbol  slse  are  shown  and  represent  the  otandard 
deviation  of  replicate  flasks.  Inset;  Steady  state  growth 
rate  of  7.  wtilsaflogli  as  a  function  of  light  intensity, 
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contrast  to  many  other  phytoplankton  (Kelson  and  Brand  1979), 
synohronissd  cultures  could  not  be  obtained  by  maintaining 
populations  on  a  light/dark  cycle.  Instead,  populations 
representing  a  range  of  cell  cycle  distributions  were  obtained  using 
the  sorting  capabilities  of  the  Epics  V.  Because  chlorophyll 
content  appeared  to  vary  with  cell  age  (Fig.  lA),  a  number  of 
subpopulatlona  ware  sorted  based  on  their  chlorophyll  fluorescence 
(Fig.  8).  To  determine  in  which  phase  of  the  cell  cycle  cells  were 
moat  responsive  to  induction,  each  of  these  sorted  subpopulations 
was  exposed  to  2  h  of  darkness,  and  the  cell  cycle  distributions 
were  determined  at  the  end  of  the  dark  Interval.  This  short  period 
of  darkness  was  used  as  the  cue  to  minimize  the  amount  of  call  cycle 
progression  that  occurred  during  the  signal. 

The  cell  cycle  distributions  of  the  populations  after  the  dark 
Interval  were  well  correlated  with  the  mean  relative  chlorophyll 
fluorescence  of  the  sorted  samples  (Fig.  9A).  Those  populations 
with  the  lowest  mean  chlorophyll  fluorescence  represented 
populations  with  the  highest  proportion  of  cells,  and  those 

populations  with  the  highest  mean  chlorophyll  fluorescence  contained 
the  highest  proportion  of  G2  cells.  A  strong  correlation  between 
the  proportion  of  cells  In  0^^  after  induction  and  the  percentage  of 
the  population  which  formed  gametes  In  the  light  was  observed  (Fig. 
9B)  Indicating  that  cells  In  responded  preferentially  to  the 
Induction  cue. 
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We  found  that  the  centric  diatom,  T.  walMst'logli,  can  be 
induced  to  undergo  ipermatogeneaia  in  reaponie  to  a  decraaie  in 
photon  flux  denaity.  Raaponaivanaaa  to  thia  cue  ia  unrelated  to 
cell  aiae  in  the  populationa  we  examined.  Rather,  our  evidence 
atrongly  auggeata  that  oella  preferentially  reapond  to  induction 
aignala  during  a  limited  portion  of  their  cell  cycle,  Thia 
dependence  of  developmental  optiona  on  the  location  of  a  cell  in  ita 
cell  cycle  haa  been  obaerved  in  a  number  of  other  eukaryotea  (e.g. 
Katea  and  Jonea  1964,  Sohmeiaaer  at  al.  1973,  Pringle  and  Hartwell 
1981,  Clegg  et  al.  1987,  Comer  and  Firtal  1987,  Hoffmeiatar  and 
Sohaller  1987),  and  eranalatea  into  an  anormoua  amount  of  divaraity 
in  Che  behavior  of  diatom  populationa  under  changing  light 
oonditiona. 

The  evidence  aupporting  the  hypotheaia  chat  the  auaoeptibility 
of  a  r.  valaaflogll  call  to  an  induction  algnal  ia  dependent  on  the 
call  cycle  haa  aaveral  dimenaiona,  Ficat,  within  a  given 
population,  the  maximum  number  of  oella  that  form  gametea  when 
returned  to  the  light  ia  proportional  to  the  number  of  oella  that 
divide  in  the  dark;  once  cell  diviaion  a tope  in  the  dark,  no  more 
cella  are  triggered  to  undergo  apermatogeneaia  even  if  the  duration 
of  the  dark  interval  ia  lengthened  (Fig.  5),  Cell  cycle  progreaaion 
ia  thua  implicated  aa  a  naoeaaary  component  of  induction.  Second, 
the  uaa  of  populationa  with  diaorete  cell  cyola  diatributiona 
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Pig,  8.  A)  Dl«trlbution  of  chlorophyll  fluoroiotrte*  por  coll  of  an 
•xponantially  growing  population.  Tha  vartical  llnaa  Indicate 
the  boundarlea  of  aortlng  windows,  B)  Distribution  of 
chlorophyll  fluoresoenos  par  oall  of  tha  aortad  samples. 
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0  so  100  ISO  aoo  boo 
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Fig.  9.  A)  Mean  chlorophyll  fluoraacanoa  of  tha  aortad  aamplaa 

daaoclbad  in  Fig.  8  varaua  tha  paroantaga  of  oalla  in  aach 
aampla  aftar  tha  2  h  dark  induotlon  Intarval.  (B)  Maximum 
paroantaga  of  aaoh  of  tha  aortad  aubpopulationa  which 
undarwant  aparmatoganaaia  aftar  a  2  hour  dark  axpoaura.  In 
(B) ,  aamplaa  wara  analyzed  14  h  <0)  and  18  h  (□)  aftar  ralaaae 
into  contlnuoua  light. 
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Indioatvi  th«t  eh«  magnltud*  of  a  population  vaaponaa  la  dlractly 
talatad  to  tha  numbar  of  oalla  ptaaant  within  tha  oultuta  whan 
tha  dark  Induction  oua  la  Impoaad  (Fig.  9B).  Thla  auggaata  that 
calla  ara  tnora  raaponalva  to  tha  induction  algnal  than  ealla  In 
othar  atagaa  of  tha  eyola.  Furtharmora,  tha  non*Baro  X  axla 
intaroapt  of  Fig.  9B  Indlcataa  that  avan  within  tha  population, 
all  tha  calla  ara  not  aqually  raaponalva  to  tha  oua.  Ataumlng  chat 
chlorophyll  fluorasoanoa  la  a  maaaura  of  call  aga  (Fig.  9A),  youngar 
0]^  calla  will  ba  In  thoaa  populationa  with  tha  hlghaat  proportion  of 
G]^  oalla  wharaaa  oldar  Gj^  oalla  will  ba  In  thoaa  populationa  with 
tha  lowaat  proportion  of  Chaaa  calls.  Thla  auggaata  that 
populationa  with  a  high  proportion  of  young  0^  calls  ara  tha  moat 
raaponalva  to  tha  Induction  signal.  Takan  togathar,  thasa  raaulta 
Indloata  that,  similar  to  tha  fraahwatar  alga,  ChlBmydomonait 
rainharcftll  (Kataa  and  Jonaa  196A,  Sohmalsaar  at  al.  1973),  r. 
waiaafiofii  raaponds  prsfsrantlAlly  to  an  Induction  trigger  during 
an  Induolbla  region  located  In  early  Gj^;  oalla  In  tha  remaining 
portions  of  tha  cycle  aasantlally  Ignore  tha  algnal  and  continue  to 
divide  mltotioally  (Fig.  10). 

To  fully  explain  aaoh  of  tha  observed  raaponsaa  of  populationa 
to  a  change  In  light  conditions  In  terms  of  this  modal,  tha  manner 
In  which  light  affects  call  cycle  progression  must  first  ba 
examined.  Tha  T,  wtiiMilogil  call  cycle  contains  two  light 
dependant  regions,  one  in  0^  and  another  In  O2,  where  continued  cell 
cycle  progression  rsqulrss  light  (Vaulot  st  al.  1986,  Olson  at  al, 
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1986)  (Fig.  10),  Tha  amount  of  tlma  naoaaaary  to  travarao  thaaa 
aagmanta  inoraaiaa  when  light  la  limiting,  In  the  dark,  cell  oycle 
ptogreealon  ceaaee  completely,  and  ealla  arraet  In  either  or  O2 , 
With  thia  aa  a  framework,  tha  behavior  of  populationa  under  a 
range  of  light  reglmea  can  be  interpreted,  A  key  predictor  of  a 
population  reaponae  under  a  given  aet  of  conditiona  la  the  number  of 
cella  which  move  through  the  inducible  region,  When  a  culture  which 
haa  been  maintained  in  exponential  growth  la  tranaferred  to  an 
extended  period  of  darknaaa,  the  total  number  of  cella  which  are 
paat  the  O2  but  before  the  light  dependent  region  determinea  the 
maximum  number  of  cella  which  can  move  into  the  inducible  region 
during  the  dark  interval  (Fig.  10).  The  longer  the  population  la 
maintained  in  the  dark,  the  greater  the  number  of  cella  which  will 
move  through  the  inducible  region  until  eventually  cell  cycle 
progreaalon  oeaaea  in  each  cell.  At  thia  point,  all  the  induced 
oella  will  be  located  in  the  light  dependent  region  of  0^^  (Fig,  10), 
and  one  can  not  further  inoreaee  the  percentage  of  the  population 
induced  to  undergo  apermatogeneaia  by  extending  the  dark  period 
(Fig.  9).  Slnoe  gametic  differentiation  doea  not  occur  until  the 
population  la  returned  to  the  light  (Fig.  1) ,  oella  muat  exit  the 
mitotic  oyola  aomewhere  after  thia  0^  dark  arreat  point,  A  burat  in 
the  initiation  of  apermatogeneaia  la  thua  obaarved  aa  tha  induced 
oella  move  out  of  the  light  dependant  region  and  exit  tha  cell  cycle 
(Fig.  3B). 
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Fig.  10,  Sohsmatie  of  tha  ralatlonahip  batwaan  tha  mltotlo  call 

oyola  and  raaponalvanaaa  to  an  induction  signal .  Location  of 
tha  light  dapandant  lagmants  of  tha  call  oyola  is  baaad  upon 
atudiea  by  Vaulot  at  al.  (1986).  Tha  important  faaturaa  of 
this  modal  ara  tha  ralativa  poaitiona  of  tha  varleua  aagmanta 
rathsr  than  the  actual  durations  of  each  segment , 
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A  major  dlfferenco  between  a  transfer  to  darkness  and  a 
transfer  to  subsaturating  PFDs  is  that  tall  cycle  progrusulon 
eventually  ceases  in  calls  kept  in  the  dark,  whereas  it  merely  slows 
in  cells  maintained  in  dim  light.  After  a  transfer  to  low  light, 
therefore,  each  cell  within  a  given  population  should  eventually 
move  through  che  inducible  region;  more  time  will  be  required  for 
this  to  occur  under  more  light  limiting  conditions,  The  fact  that 
the  proportion  of  cells  that  undergo  gametogenesis  does  vary  with 
the  light  Intauslty  of  ^-he  shift  (Figs.  6,  7)  therefore  indicates 
that  at  least  one  other  factor  must  limit  the  number  of  cells  which 
are  actually  induced,  We  hypothesize  that  the  apparent  "decay"  of 
the  cue  (Fig,  6)  results  from  the  fact  that  phytoplankton  are  able 
to  photoadapt  to  new  light  conditions  (e.g,  Falkowski  19S0) ; 
eventually  the  shift  to  low  light  is  no  longer  sensed  as  a  new  light 
level,  and  all  the  cells  divide  mitotically.  The  maximum  percentage 
of  cells  induced  to  form  gametes  under  subsaturating  light  will  thus 
be  determined  by  the  duration  of  the  cell  cycle  in  the  new  light 
conditions  relative  to  the  length  of  time  that  low  light  functions 
as  a  trigger. 

The  induction  of  spermatogenesis  in  T.  walsgflogii  is 
undoubtedly  more  complex  than  h^s  been  described  thus  far,  For 
example,  the  slope  of  Figure  9C  indioatee  that  approximately  60%  of 
the  cells  which  divided  during  the  dark  Interval  and  thus  moved  into 
the  inducible  region  actually  formed  gametes  in  the  light.  Also, 
the  scatter  observed  in  Figure  4A  cannot  be  explained  even  if  the 
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responses  of  aH  our  vAx'-louti  isolates  are  plotted  against  a  measure 
of  the  number  of  cells  which  move  into  the  inducible  region  (the 
number  of  cells  which  divided  during  the  dark  Interval),  Although  a 
statistically  significant  positive  correlation  iis  obtained  (r»0.5A9| 
P<.001,  data  not  shown),  a  great  deal  of  the  variability  remains 
unexplained,  This  cell  cycle  model  can  thus  predict  the  responses 
within  a  given  population,  but  it  is  inadequate  for  predicting  the 
responses  between  different  populations. 

Induction  of  spermatogenesis  in  7.  wlatflogll  may  in  fact  be 
a  two  step  process  similar  to  the  induction  of  meiosls  in  the 
budding  yeast,  Ssceharomycaa  earavlaiaa  (Mitchell  196B),  In  yeast, 
nutrient  limitation  fulfills  the  first  requirement  for  induction, 
but  only  those  cells  which  are  heterosygous  at  the  mating  locus  are 
actually  able  to  undergo  meiosls  (Herskowita  1988),  Perhaps 
movement  of  cells  through  the  Inducible  region  of  in  dim  light  or 
darkness  fulfills  the  first  requirement  in  diatoms,  but  as  with 
yeast,  the  cell  must  also  possess  a  particular  genetic  makeup  in 
order  to  fulfill  the  second  requirement.  If  this  is  indeed  the 
case,  it  may  explain  the  wide  range  of  responses  we  observed  among 
our  various  cultures;  our  method  of  obtaining  the  original  isolates 
undoubtedly  resulted  in  genetic  differences  among  these  populations. 
Thus,  certain  populations  may  be  particularly  susceptible  to  an 
induction  cue  whereas  others  may  be  relatively  unresponsive. 
Moreover,  although  diatoms  are  believed  to  bo  monoecious  (i,a,  both 
males  and  females  can  result  from  a  single  clone),  we  have  yet  to 


observe  any  evidence  of  the  presence  of  females  In  our  Induced 
cultures,  Perhaps  these  unresponsive  or  "sterile  males"  are 
actually  females  awaiting  a  proper  Induction  signal. 

Predictions  of  the  number  of  cells  that  will  unds'^go 
spermatogenesis  in  response  to  an  induction  signal  thus  require  that 
at  least  three  layers  of  complexity  be  taken  into  consideration; 
first,  the  number  of  cells  which  move  through  the  Inducible  region; 
second,  the  amount  of  time  that  a  shift  In  PFD  functions  as  an 
Induction  signal;  and  third,  the  number  of  cells  which  may  be 
functionally  sterile  In  their  response  to  a  change  In  light 
conditions. 

What  are  Che  Iropllcaclona  of  these  results  for  diatom 
populations  In  the  field  which  are  exposed  to  a  decrease  In  PPDs  on 
a  dally  basis?  The  maximum  extent  of  gametogeneals  In  a  population 
depends  not  only  on  the  presence  of  an  induction  signal  but  also 
upon  the  manner  In  which  this  signal  influences  cell  cycle 
progression.  If  the  cell  cyoles  of  a  population  of  cells  are 
aligned  such  that  few  cells  move  through  the  inducible  region  during 
the  night,  for  instance,  then  a  minimum  number  of  oells  will  be 
induced  to  form  gametes.  In  this  regard,  it  Is  Interesting  to  note 
that  In  contrast  to  other  eukaryotic  phytoplankton,  diatoms  divide 
predominantly  during  the  light  Interval  (e.g.  Nelson  and  Brand  1979, 
Chisholm  at  al.  1984).  Moreover,  Chisholm  and  Costello  <1980)  found 
that  in  r.  w§lBtflogll,  the  timing  of  the  division  burst  (l.e.  an 
approximation  of  the  intsrval  when  oells  should  move  through  the 
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Inducible  region)  on  a  light/dark  cycle  varies  with  temperature,  the 
duration  of  the  light  Interval,  nutrient  status,  and  even  cell  siae, 
Thus,  realistic  predictions  of  the  extent  of  sexuality  that  occurs 
In  the  field  require  a  greater  understanding  of  those  faotors  that 
function  as  induction  signals  and  the  manner  in  which  these  factors 
Influence  cell  cycle  progression, 
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CHAPTER  3 


PATTERNS  OF  CELL  SIZE  CHANGE  IN  A  MARINE  CENTRIC  DIATOM 
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Abstract 


During  nearly  two  years  of  exponential  growth,  isolates  of  the 
centric  diatom,  ThaltMMioairt  walsaflogil,  displayed  periodic 
Increases  and  decreases  in  mean  call  size  as  predicted  for  diatom 
populations  alternating  between  asexual  and  sexual  reproduction. 
However,  despite  the  fact  that  each  culture  was  maintained  in 
constant,  identical  conditions,  the  overall  patterns  of  cell  size 
changes  displayed  by  the  various  populations  were  unique,  complex 
and  unpredio table.  The  onset  of  sexual  reproduction,  the  rate  of 
inorease  in  average  oell  sise,  and  the  site  of  the  post-auxospore 
oells  created  during  a  sexual  event  varied  among  isolates  and  even 
within  a  given  Isolate  over  time;  the  only  constant  feature  among 
the  various  cultures  was  the  rate  of  deorease  in  mean  oell  size.  We 
hypothesize  that  the  extent  of  the  variebllity  exhibited  by  the 
various  populations  results  ultimately  from  the  faot  that  the 
genetic  composition  of  diatom  populations  varies  over  time. 
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Introduction 


Beginning  ai  early  an  the  mid  1800* s,  etudiee  have  indicated 
that  the  diatom  life  oyole  ia  influenoed  by  the  unique  eonfiguration 
of  ita  cell  wall,  a  fruatule  oompoaed  of  two  unequally  aired  ailica 
valvea  encircled  by  a  aeriea  of  ailioeoua  girdle  banda  (e.g. 
MacDonald  1669,  Oeitlar  1933,  von  Stoaoh  1963,  Drebea  1977).  Due  to 
the  phyaical  oonatrainta  of  the  fruatule,  each  mitotic  division 
oroatea  one  daughter  cell  whose  diameter  ia  amaller  than  that  of  her 
aiater  or  her  mother  by  twice  the  thlokneaa  of  these  girdle  banda, 
For  moat  diatoms,  therefore,  the  mean  cell  aiae  of  a  population 
deoreaaea  and  the  standard  deviation  about  this  mean  increases  over 
auooesaive  generations.  Perhaps  not  surprisingly,  though  a  number 
of  exceptions  to  this  general  rule  of  sice  reduotion  have  been 
observed  (e.g.  Rao  and  Deaikaohary  1970,  Round  1972,  Crawford  1980). 

The  most  eornmon  manner  of  escaping  the  trend  of  diminishing 
cell  alee  ia  through  sexual  reproduction  (Drebea  1977) .  In  response 
to  a  range  of  environmental  cues  including  sudden  changes  in  light, 
temperature,  salinity  or  nutrient  oonditions  (e.g,  Steele  1963, 
Drebea  1966,  Schultz  and  Trainer  1968,  Furnas  1983,  French  and 
Hargraves  1963,  Vaulot  and  Chisholm  1987),  diatoms  oan  baoome 
sexual;  meiosls  replaoea  mitosis  and  the  resulting  male  and  female 
gametes  fuse  to  form  a  zygote  or  auxospore,  This  auxospore  escapes 
ita  fruatule  to  oreate  a  post •auxospore  cell  many  times  larger  than 
either  parent  (e.g.  Findlay  1969),  In  addition  to  their  new  large 
size,  post •auxospore  cells  apparsntly  also  possess  an  increased 


"vigor"  sinoo  they  art  oftan  obttrvad  to  grow  at  fattar  ratat  than 
thoaa  of  tha  ralativaly  amall  oalla  from  which  thay  wara  craated 
(Paaaoha  1973  •  Coatallo  and  Chlaholm  1981).  An  alternativa,  but 
rarely  bbsarvad  maana  of  raatorlng  call  aiaa  ocoura  aaaxuallyt 
ganarally  in  reaponaa  to  tha  alleviation  of  extrema  nutrient 
deprivation.  In  thia  ciroumatanoa,  a  vagatativa  call  aimply 
axtrudaa  ita  oytoplaam  into  tha  aurrounding  watara  and  davalopa  a 
new  and  much  larger  fruatula  (a.g.  von  Stoach  1965,  Drabaa  1966, 
Gallagher  1983,  French  and  Hargravaa  1986). 

Whether  oraatad  aaaxually  or  sexually,  large  oalla  are 
oonaldarad  to  be  inoapabla  of  raaponding  to  aaxual  induct ion  aignala 
for  several  generations,  until  a  parmiaaiva  aiaa  range, 
approximately  30-40  percent  of  a  species'  maximum  diameter ,  is 
obtained  (Drabaa  1977),  Within  this  permissive  range,  an  even 
further  refinement  of  the  aiaa  control  of  sexuality  has  been 
obaervedi  often,  smaller  oalla  appear  to  preferentially  undergo 
aparmatogenoaia  while  larger  oalla  tend  towards  oogeneais  (e.g, 
Gaitlar  1952,  Migita  1967,  Rao  1971,  French  and  Hargxavea  1985). 
Moreover,  the  aignala  inducing  the  oalla  to  undergo  either 
aparmatoganeala  or  oogensaia  may  differ  slightly  (Holmes  1966, 

Drabaa  1977).  Thus,  within  an  aotively  growing  diatom  population 
there  exists  an  assortment  of  cell  aiaes  with  distinctly  different 
physiologies  (a.g.  Werner  1971)  which  makes  the  study  of  diatom  life 
oyolea  extremely  oomplex. 
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We  recently  examined  whether  the  putative  size  requirement  for 
sexual  differentiation  could  account  for  the  proportion  of  a 
population  that  was  triggered  to  undergo  spermatogenesis  in  response 
tc  a  change  in  light  conditions  (Armbrust  at  al.  1990),  To  our 
surprise,  we  found  that  for  a  number  of  isolates  representing  a 
broad  range  of  size  distributions,  there  was  no  correlation  between 
average  cell  size  and  the  proportion  of  a  population  that  could  be 
induced  to  undergo  spermatogenesis.  While  attempting  to  interpret 
these  data,  we  found  that  no  long  term  studies  existed  which 
described  in  detail  the  evolution  of  cell  size  in  an  exponentially 
growing  diatom  populations,  Although  there  are  many  predictions  for 
the  change  in  cell  size  over  time,  no  data  exists  on  Che  development 
of  these  changes  through  more  than  one  round  of  sexuality  (e.g. 
Findlay  1969,  Rao  1971).  Thus,  we  initiated  a  long-term  study  to 
document  exactly  how,  under  optimum  growth  conditions  and  in  the 
absence  of  external  signals,  call  size  changes  in  diatom  populations 
over  successive  generations. 

Materials  and  Methods 

Isolates  of  T,  wlaaflogli  Grun.  clone  Actin  (from  the  Culture 
Collection  of  Mar'ne  Phytoplankton,  Bigelow  Laboratories  for  Ocean 
Sciences)  ware  obtained  by  isolating  colonies  from  2%  agar  plates 
and  transferring  them  to  f/2  enriched  seawater  media  (Oulllard  1975) 
with  nitrate  as  the  nitrogen  source.  Each  Isolate  was  malntalnpd  in 
semi -continuous  batch  cultures  at  20°C  and  saturating  levels  of 
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continuous  illumination  (250  /iE'm’* •  sec" ,  cool*whlt6  fluorescent) 
(Armbrust  et  al,  1990),  After  approximately  120  days  in  exponential 
growth,  new  populations  ware  initiated  by  plating  the  parent  culture 
and  Isolating  additional  colonies  (Fig,  1) .  Each  isolate  was  then 
split  into  replicates;  at  least  10,000  cells  were  used  for  each 
innoculum.  Throughout  the  following  discussion,  the  term  Isolate 
rather  than  clone  will  be  used.  Although  each  population  arose  from 
a  single  cell,  diatoms  are  diploid  and  genetic  recombination  during 
sexual  reproduction  prevents  cultures  from  remaining  genetically 
homogeneous  and  thus  clonal  over  time. 

In  an  attempt  to  obtain  genetically  identical  populations, 
individual  cells  from  known  cell  lineages  were  isolated  and  cloned. 
These  single  cell  isolations  were  obtained  by  viewing  an  aliquot  of 
two  different  cultures  through  a  dissecting  microscope  and  manually 
picking  individual  cells  from  the  liquid  media,  Each  of  four 
isolated  cells  (two  from  each  culture)  was  transferred  to  its  own 
well  (within  a  96*well  plate)  containing  f/2  media.  Approximately 
24  hours  later,  each  daughter  cell  was  removed  from  a  given  well, 
transferred  to  its  own  well,  and  allowed  to  develop  into  a 
population.  In  this  manner,  cultures  originating  from  15  single 
cell  isolations  of  known  relationships  were  obtained  (Fig.  2) , 

These  cultures  were  also  maintained  in  semi>oontinuous  batch  culture 
at  20°C  and  250  /iE'm*^ ‘ sec’^  of  continuous  light.  Cultures 
descended  from  the  same  mother  cell  were  considered  to  be 
genetically  identical  until  the  onset  of  sexual  reproduction. 
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Figure  1.  Cell  lineages  and  Initial  Coulter  volume  distributions  of 
r.  waLssflogil  populations,  Bach  Isolate  Is  designated  by  a 
number  corresponding  to  Its  mean  Coulter  volume  '•2  weeks  after 
transfer  from  colonies  on  agar  plates  to  liquid  medium,  The 
laboratory  stock  culture  was  plated  and  two  Isolates,  868  and 
1724  were  Isolated  and  maintained  In  exponential  growth,  An 
aliquot  of  868  was  plated  and  two  new  Isolates,  709  and  877 
were  Initiated,  In  the  course  of  conducting  experiments  with 
Isolate  868,  the  average  Coulter  volume  of  one  experimental 
flask  spontaneously  Increased  suggesting  that  sexual 
reproduction  had  occurred.  This  newly  enlarged  population  was 
designated  1147.  After  approximately  120  days  of  exponential 
growth,  aliquots  of  1724,  877,  and  1147  were  plated  and  6  new 
Isolates,  637,  834,  485,  747,  444,  and  920  were  Initiated, 

Once  each  Isolate  was  transferred  to  liquid  media,  the 
population  was  maintained  in  exponential  growth.  In  each 
Coulter  volume  distribution  panel ,  "Initial"  refers  to  the 
Coulter  volume  distribution  of  a  population  soon  after 
Isolation  and  "subolnd"  refers  to  the  Coulter  volume 
distribution  of  the  same  population  at  the  time  the  derivative 
Isolations  were  made. 
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Fig.  2.  Cell  lineage  and  Initial  Coulter  volume  distributions  of 

populations  derived  from  genetically  Identical  cells  (A,  B,  C, 
D) .  The  four  original  cells  were  Isolated  from  replicate 
cultures  of  Isolate  1724  (1724<1  &  1724*2).  The  number  of 
branches  In  a  family  tree  is  based  on  the  number  of  cells 
observed  In  each  well  at  the  end  of  24  hours  and  Indicates  the 
hypothesised  number  of  divisions  that  occurred  before  the 
cells  were  relsolated.  The  X  In  certain  circles  Indicate  that 
some  of  the  relsolated  cells  did  not  develop  Into  cultures. 

The  Coulter  volume  distributions  of  each  population 
approximately  2-3  weeks  after  the  Initial  Isolation  are  shown 
below  each  tree.  The  different  line  types  Indicate  the 
Individual  cell  lines. 
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size  distributions  and  the  mean  cell  size  of  each  population 
were  determined  with  a  Coulter  Electronics  Model  Z|^/C236  electronic 
particle  counter.  The  wlthin-measurement  knar  was . estimated  by 
determining  the  Coulter  volume  dlstributlr  i:.  of  multiple  aliquots  of 
a  given  population;  the  mean  Coulter  volumes  of  these  subsamples 
varied  by  less  than  S  I.  The  between-measurement  error  over 
consecutive  days  was  estimated  by  determining  the  extent  of  the 
scatter  during  a  linearly  decreasing  interval  of  mean  Coulter 
volume.  Although  random  outliers  were  seen,  the  greatest  persistent 
scatter  observed  was  approximately  AOI;  the  vast  majority  of 
cultures,  however,  displayed  substantially  less  spread.  In  many 
Instances  an  amount  comparable  to  the  within  measurement  error.  The 
coefficient  of  variation  (CV  «  standard  devlatlon/mean)  was 
determined  for  each  size  distribution. 

A  Turner  fluorometer  was  used  to  monitor  dally  changes  In  the 
in  vivo  fluorescence  of  each  culture  to  determine  growth  rates 
(Brand  et  al.  1981).  An  Innoculum  of  at  least  10,000  cells  were 
transferred  to  approximately  30  ml  fresh  media  while  the  in  vivo 
fluorescence  was  still  less  than  abo  .c  twenty  percent  of  the  maximum 
fluorescence.  Thus,  new  cultures  were  Inoculated  every  2>3  days. 
Before  each  transfer,  the  Coulter  volume  distribution  was 
determined. 
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Results 


Evolution  o£  mean  Coulter  volume  over  time,  Coulter  volume 
distributions  of  a  series  of  Isolates  representing  a  broad  range  of 
cell  sizes  and  cell  lineages  (Fig.  1)  were  monitored  for  nearly  two 
years  to  determine  the  long  term  trajectories  of  cell  size  in  T, 
weiaaflogil  populations.  Each  isolate  displayed  periodic  increases 
and  decreases  in  mean  cell  size.  However,  the  overall  patterns  of 
the  cell  size  changes  displayed  by  each  culture  varied  dramatically 
despite  the  fact  that  each  population  was  maintained  under  identical 
conditions.  The  timing,  rate  of  Increase,  and  amplitude  of  the  size 
oscillations  differed  between  Isolates,  within  a  given  isolate  over 
time,  and  even  between  replicate  flasks  of  a  single  isolate  (Pigs. 
3-6),  For  instance,  a  number  of  the  populations,  regardless  of 
their  size  distribution  upon  isolation  (see  Fig,  1),  underwent 
dramatic  increases  in  average  cell  size  early  on,  only  to  later 
undergo  smaller,  more  rapidly  occurring  oscillations  (Figs.  3A,  4A  & 
B,  55  &  C) ,  Other  isolates  maintained  a  relatively  small  size 
throughout  the  study  although  Increases  and  decreases  in  size  were 
still  apparent  (Figs.  3C,  5A,  6A,  B  &  C) .  Moreover,  the  rate  of 
increase  in  average  Coulter  volume  in  the  various  isolates  ranged 
from  a  maximum  of  nearly  23  ^im^ •cell' gen' ^  (Fig.  3A)  to  a  minimum 
of  about  1.2  Mm^’cell'^’gen'^  (Fig.  4B). 
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Figs,  3,  Mean  Coulter  volume  over  time  of  the  T,  weLssflogli 
Isolates  presented  In  Fig,  1.  A)  Population  1147,  was 
maintained  In  exponential  growth  and  beginning  at  t-0  days, 
the  Coulter  volume  distributions  were  monitored  over  time.  At 
t~127  days,  the  culture  was  split  into  replicate  flasks 
(darkened  triangles  and  open  circles).  B,  C)  At  t-120  days 
(as  indicated  by  arrow  in  (A)),  1147  was  plated  and  two  new 
Isolates,  920  and  444,  were  initiated.  At  t*127  days,  these 
new  cultures  were  split  Into  replicate  flasks  (darkened 
triangles  and  open  circles)  and  the  Coulter  volume 
distributions  of  each  were  monitored  over  time. 
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Coulter  Volume  (/xm^) 


Figs,  4.  Mean  Coulter  volume  over  time  of  the  T.  weissflogLl 

Isolates  presented  In  Fig.  1.  A)  Isolate  1724  was  maintained 
In  exponential  growth  and  beginning  at  t-0  days,  the  Coulter 
volume  distributions  were  monitored  over  time,  Ac  t<-127  days, 
the  culture  was  split  into  replicate  flasks  (darkened 
triangles  and  open  circles).  B,  C)  At  t»120  days  (as 
Indicated  by  arrow  In  (A)),  1724  was  plated  and  two  new 
Isolates,  834  and  637,  were  initiated.  At  t»127  days,  these 
new  cultures  were  split  into  replicate  flasks  (darkened 
triangles  and  open  circles)  and  the  Coulter  volume 
distributions  of  each  were  monitored  over  time. 
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Figs.  5,  Mean  Coulter  volume  over  time  of  the  T,  weLssflogil 

isolates  presented  in  Fig.  1.  A)  Isolate  877  was  maintained 
in  exponential  growth  and  beginning  at  t-0  days,  the  Coulter 
volume  distributions  were  monitored  over  time.  At  t'-127  days, 
the  culture  was  split  into  replicate  flasks  (darkened 
triangles  and  open  circles).  B,  C)  At  t«120  days  (as 
indicated  by  arrow  in  (A)),  877  was  plated  and  two  isolftes, 
593  and  747,  were  initiated.  At  t“127  days,  these  new 
cultures  were  split  into  replicate  flasks  (darkened  triangles 
and  open  circles)  and  the  Coulter  volume  distributions  of  each 
were  monitored  over  time. 
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Figa ,  6,  Mean  Coulter  volume  over  time  of  the  7.  weisaflogll 

Isolacea  praaented  in  Fig.  1.  A)  Isolate  868  was  maintained 
in  exponential  growth  and  beginning  at  t-0  days,  the  Coulter 
volume  distributions  were  monitored  over  time.  At  t>127  days, 
the  culture  was  split  into  replicate  flasks  (darkened 
triangles  and  open  circles).  B,  C)  At  t-il2b  days  (as 
indicated  by  arrow  in  (A)},  868  was  plated  and  two  new 
isolates,  709  and  877,  were  initiated.  At  t»127  days,  these 
new  cultures  were  split  into  replicate  flasks  (darkened 
triangles  and  open  circles)  and  the  Coulter  volume 
distributions  of  each  were  monitored  over  time. 
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Perhaps  the  most  surprising  result  of  all  was  that  replicate 
cultures  did  not  always  behave  as  replicates;  they  consistently 
"tracked"  each  other  only  during  the  Initial  downward  swing  In 
average  Coulter  volume  (during  this  Interval,  the  slopes  and 
elevations  of  the  replicate  lines  were  not  significantly  different, 
p>0,5,  Student's  t  test).  Replicates  sometimes  diverged  when  one  of: 
the  cultures  initiated  cell  enlargement  (for  example,  Figs,  3A  &  B, 

SB  &.C)|  the  onset  of  this  size  Increase  might  (o.g,  Figs.  3B,  4)  or 
might  not  (e.g.  Fig.  3A)  occur  aimultaneously  In  a  pair  of 
replicates. 

Since  diatoms  are. known  to  decrease  In  cell  size  during 
mitotic  divisions,  the  Intervale  of  decreasing  mean  Coulter  volume 
were  assumed  to  reflect  a  predominance  of  asexual  reproduction.  The 
intervals  of  Increasing  mean  Coulter  volume  were  assumed  to  reflect 
the  formation  of  auxospores,  a  process  that  can  occur  both  sexually 
and  asexually.  Because  none  of  the  cultures  experienced  nutrient 
deprivation,  asexual  cell  enlargement  (Drebes  1966,  Gallagher  1983) 
was  considered  an  unlikely  source  of  the  observed  Increase  in  cell 
size,  Moreover,  von  Stosch  (1963)  was  unable  to  Induce  asexual  cell 
enlargement  in  any  of  hie  rhaiassiosirs  apecles,  so  this  type  of 
auxoapore  formation  may  not  be  possible  In  this  genus,  Therefore, 
for  the  purposes  of  our  dlsousslon.  the  intervals  of  Increasing  mean 
Coulter  volume  are  aasumed  to  reflect  the  sexual  formation  of 
auxospores . 
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The  onset  of  sexual  reproduction  In  each  of  the  various 
cultures  was  staggered  In  tine  In  an  unpredictable  manner  (Fig.  3-6) 
thus  eliminating  the  possibility  that  an  unintentional  and 
undetected  fluctuation  in  the  environment  (such  as  the  quality  of 
different  batches  of  soavater)  triggered  the  Initiation  of  these 
sexual  events,  Some  isolates  underwent  sexual  reproduction  and 
auxospore  formation  as  frequently  as  every  120  generations  (about  2 
months,  e.g.  Fig,  3A)  while  other  populations  remained  asexual  for 
up  to  450  generations  (approximately  8>9  months,  e.g.  Fig.  5B). 

The  extent  of  variation  observed  in  the  behavior  of  the 
various  populations  despite  constant  growth  conditions,  indicated 
underlying  genetic  variability  among  the  isolates.  Cell  lineage 
(Fig.  1),  however,  predicted  population  behavior  only  slightly 
better  than  did  the  initial  size  distributions.  This  is  not 
surprising  since  each  of  the  original  mother  Isolates  had  undergone 
at  least  one  round  of  auxospore  formation  and  thus  sexual 
reproduction  by  the  time  the  new  daughter  Isolates  were  initiated 
(Figs.  3A,  4A,  3A,  6A) .  Genetic  recombination  in  these  diploid 
cells  during  sexual  reproduction  undoubtedly  created  the  variability 
in  behavior.  For  example,  the  average  cell  size  of  two  isolates, 

877  and  868,  remained  relatively  small  throughout  the  study  (Figs. 
5A,  6A) ,  but  only  in  the  868  lineage  did  the  descendants  also  remain 
small  (Fig.  6).  Descendants  of  isolate  877  underwent  relatively 
large  size  increases  (Fig.  3).  Similarly,  the  behavior  of 
population  1147,  which  presumably  arose  from  868  via  sexual 
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reproduction  (Fig.  1),  not  only  contrasted  sharply  with  that  of  the 
population  from  which  it  was  derived,  but  also  with  that  of  its  own 
desoendents  (Fig.  3),  And  finally,  isolate  1724  which  was  engaged 
in  auxoapore  formation  when  the  new  isolates  were  initiated,  yielded 
two  populations  (034  and  637)  one  of  which  was  on  the  downswing  of 
the  cycle  (Fig.  4B)  and  the  other  of  which  was  on  the  upswing  (Fig, 
4C) ,  suggesting  that  the  progenitor  of  834  had  recently  undergone 
sexual  reproduction  while  the  progenitor  of  637  was  still  a  few 
generations  away. 

Against  this  backdrop  of  variability,  the  rate  of  decrease  In 
mean  cell  size  was  relatively  constant;  on  average,  cells  decreased 
in  Coulter  volume  by  about  8  ^m^'cell’^'gen’^  (Table  1),  Tho 
expected  rate  of  decrease  in  volume  during  asexual  reproduction  can 
bo  calculated  based  on  an  estimate  of  the  thickness  of  the  girdle 
bands  attached  to  each  frustule  half.  Li  and  Volcani  (198S)  have 
estimated  that  the  girdle  bands  of  the  centric  diatom  Dltylum 
brlghtwtllll,  range  from  approximately  7  nm  to  perhaps  as  much  as  15 
nro  thick  (comparable  to  the  thickness  of  the  frustule  itself). 
Assuming  that  upon  mitotic  division,  the  diameter  of  one  daughter 
cell  decreases  by  twice  the  thickness  of  these  girdle  bands,  the 
volume  changes  in  the  T,  WBiaaiflogll  cultures  should  have  varied 
from  approximately  2  -  11.3  per  cell  per  generation  (depending 
on  the  initial  volume  used  in  the  calculations).  These  prediction!) 
agree  remarkably  well  with  the  measured  values  (Table  1) , 
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The  minimum  average  Coulter  volume  achieved  within  a  given 
iaolate  was  generally  constant  (Figs,  3-6),  as  would  be  expected  if 
sexual  reproduction  was  restricted  to  cells  within  a  permissive  sir.e 
range  (e,g.  Drebes  1977) «  but^  it  should  be  noted  that  in  one 
isolate,  an  upswing  was  initiated  at  about  850  ftn?  (Fig.  3A)  while 
in  another  isolate  the  upswing  began  at  about  1350  .  This  latter 

value  corresponded  to  a  diameter  78  %  of  the  eventual  maximum 
diameter  (Fig.  4A}  and  was  far  in  excess  of  the  30*40  t  range 
generally  used  to  define  the  potential  onset  of  sexuality  (Drebes 
1977),  Moreover,  between  isolates,  the  minimum  volume  ranged  from 
400  to  700  fits?.  Contrary  to  other  reports  (e.g,  Hlgita  1967,  Rao 
1971),  this  minimum  average  cell  size  did  not  consistently  predict 
the  maximum  size  obtained  once  an  upswing  was  completed.  Instead, 
the  maximum  average  size  varied  greatly  and  populations  underwent 
anywhere  from  a  1.2  to  a  3.S  fold  increase  in  mean  coll  size  (Table 
1).  These  results  implied  that  at  least  one  of  two  parameters  could 
differ  among  populations;  either  the  proportion  of  cells  involved  in 
the  formation  of  auxospores  or  the  maximum  size  obtained  by  any 
given  cell. 

Coulter  volume  dietrlbutione.  The  coefficient  of  variation 
(CV) ,  an  estimate  of  the  extent  of  dispersion  around  a  mean  Coulter 
volume  measurement,  was  monitored  in  each  culture  over  time  to 
determine  the  amount  of  variability  in  the  size  of  the  individual 
calls  within  a  population  and  to  estimate  whether  or  not  distinct 
subpopulations  remained  in  a  culture  once  the  maximum  average 
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volume  WAS  obtained.  As  each  population  decreased  In  average 
Coulter  voltAme,  the  spread  around  the  mean  Increased  as  would  be 
predicted  for  populations  undergoing  asexual  reproduction  (Rao  and 
Deslkachary  1970),  As  each  population  began  to  undergo  sexual 
reproduction,  however,  the  CV  decreased  such  that  once  the  maximum 
average  cell  slxe  was  obtained,  the  variation  around  this  new  mean 
was  at  a  minimum  (Fig.  7).  The  minimum  CV  could  vary  from  25  to  <'t5 
%  regardK.‘<  >  of  either  the  magnitude  of  the  slse  increase  or  the 
maximum  size  obtained  by  the  population.  However,  the  spread  around 
the  mean  volume  after  a  sexual  episode  was  always  less  than  that 
before  the  cells  initiated  sexual  reproduction  suggesting  that  by 
the  end  of  a  sexual  event  a  majority  of  the  cells  had  formed 
comparably  sized  poat-ouxospores . 

To  datermino  whether  all  the  cells  within  a  culture  were  in 
fact  behaving  In  concert  as  the  CV  data  suggested,  the  Coulter 
volume  dlatrlbutions  themselves  were  examinsd,  During  an  Interval 
of  decreasing  mean  Coulter  volume,  populations  displayed  unlmodal 
size  distributions,  the  CV's  of  which  gradually  Increased  over  time 
(Fig,  6).  During  the  Intervals  of  Increasing  mean  Coulter  volume, 
the  size  distribution  generally  developed  Into  two  distinct  peaks, 
Over  the  course  of  anywhere  from  2  weeks  to  a  month,  this  blmodal 
distribution  eventually  resolved  into  a  new  unlmodal  distribution 
with  a  larger  mean  and  a  decraasad  CV  (Fig.  9),  The  maximum  size 
obtained  by  a  cell  was  not  constant  and  could  vary  between  Isolates 
(Fig.  9),  within  a  single  Isolate  over  time  (Fig,  9A,  C,  D) ,  and 
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even  between  replicate  cultures  (data  not  shown),  Therefore, 
cultures  that  displayed  minor  size  fluctuations  (Figs,  3C,  5A,  6) 
simply  produced  smaller  po8t>auxosporea  than  cultures  that  underwent 
dramatic  oscillations  In  mean  cell  size  (Figs,  3A,  AA  &  B,  5B  &  C) , 

There  was  no  Indication  that  distinct  aubpopulatlons  with 
different  size  distributions  persisted  after  the  maximum  average 
cell  size  was  obtained  confirming  that  all  the  cells  present  within 
the  population  had  undergone  cell  enlargement  by  the  end  of  a  sexual 
event.  However,  It  should  be  noted  that  it  la  Impossible  to 
determine  baaed  on  size  distributions  alone,  whether  each  cell 
within  a  population  eventually  underwent  sexual  reproduction  or  only 
a  portion  of  the  cells  formed  auxospores,  the  descendents  of  which 
then  came  to  dominate  the  population  duo  to  att  Increased  growth 
rate, 

Slnglt  ceil  iMolatioriM ,  An  analysis  of  the  possible  sources 
of  the  variability  observed  among  our  various  Isolates  was 
confounded  by  the  fact  that  each  of  the  original  Isolates  had 
undergone  sexual  reproduction  prior  to  the  Initiation  of  repllcotes 
and  additional  isolates  (Figs,  3*6).  In  an  attempt  to  eliminate 
this  complication,  a  series  of  cultures  derived  from  genetically 
Identical  cousin  cells  were  Initiated  (Fig.  2)  and  maintained  under 
the  same  constant  conditions  as  described  previously.  The  majority 
of  these  single  cell  Isolates  underwent  relatively  minor  size 
fluctuations  over  time  (Figs,  10,  11),  a  behavior  that  essentially 
mimicked  the  minimal  size  changes  observed  In  the  two  cultures  from 
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Fig.  7.  Mean  Coulter  volume  (darkened  triangles)  and  the 

coefficient  of  variation  of  each  volume  measurement  (open 
circles)  over  time  for  a  representative  T,  welssflogil 
population,  1147,  The  CV's  were  smoothed  over  three 
measurements . 
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Figure  8,  A)  Mean  Coulter  volume  over  time  of  a  representative  T. 
welssflogLl  culture,  Isolate  7A7and  B)  the  Coulter  volume 
distributions  during  the  Interval  of  decreasing  mean  cell  size 
highlighted  In  A. 
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Figure  9.  Mean  Coulter  volume  over  time  of  two  T,  weissflogii 

cultures  and  their  Coulter  volume  distributions  during  the 
Intervals  of  population  size  increase.  A)  Mean  Coulter  volume 
over  time  in  a  population  that  initially  underwent  a  dramatic, 
3,5  fold,  Increase  in  average  cell  size  only  to  later  undergo 
a  series  of  1.5  fold  Increases.  B)  Mean  Coulter  volume  of  a 
population  that  remained  relatively  small  throughout  the 
study,  C,  D)  Coulter  volume  distributions  over  time  of 
intervals  indicated  by  the  highlighted  regions  in  A,  E) 
Coulter  volume  distributions  of  interval  indicated  by  the 
highlighted  regions  in  B, 
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Coufter  Voluine 


Fig.  10,  Mean  Coulter  volume  over  time  for  two  sets  of  populations 
derived  from  genetically  identical  cells  of  T.  weissflogLi 
Isolate  1724-1  at  t-340  days  (see  Fig,  4A) ,  Each  panel 
represents  populations  derived  from  the  same  grandmother  or 
great-grandmother  cell  as  indicated  In  Fig.  2,  The  different 
symbols  represent  the  four  cell  lines  derived  from  the 
original  genetically  identical  cells,  The  Insets  are  a  blow 
up  of  the  mean  Coulter  volume  (note  change  In  scale)  during 
the  first  20  days  after  the  Initial  Isolation, 


-124- 


Fig.  II.  Maan  Coultar  voluma  ovar  time  for  two  aats  of  populations 
derived  from  genatioally  identical  colls  of  T.  wala$flogil 
isolate  1724-2  at  t»340  days  (see  Fig.  4A) .  Each  panel 
represents  populations  derived  from  the  same  grandmother  or 
great-grandmother  cell  as  indicated  in  Fig,  2.  The  different 
symbols  represent  the  three  or  four  cell  lines  derived  from 
the  original  genetically  identical  cells.  The  insets  are  a 
blow  up  of  the  mean  Coulter  volume  (note  change  in  scale) 
during  the  first  20  days  after  the  Initial  isolation. 
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which  these  isolates  were  derived  (Pig.  4A,  beginning  at  t-340  d) . 
Moreover,  the  mernbers  of  each  set  of  replicates  initially  behaved 
Identically  as  would  be  expected  of  populations  composed  of 
genetically  Identical  cells  (the  slopes  and  elevations  of  the 
replicate  cviltures  ware  not  significantly  different  for  at  least 
twenty  days  after  isolation,  p>O.OS,  Student's  t  teat;  see  Insets 
Pigs,  10,  11),  Over  time,  however,  the  average  cell  volume  in  even 
these  cultures  diverged  as  one  of  the  replicates  began  to  increase 
in  mean  Coulter  volume;  this  divergence  can  be  seen  most 
dramatically  in  Pigs.  lOB  and  llA.  Note  that  the  maximum  sise 
obtained  by  populations  which  were  initially  genetically  Identical 
was  na£  constant  implying  that  over  time,  the  genetic  composition  of 
these  populations  had  changed. 

Popuiaeion  growth  rates.  It  has  repeatedly  been  shown  that 
post'auxospore  cells  grow  more  rapidly  than  relatively  small  cells 
involved  in  asexvtal  reproduction  (e.g.  Paasche  1973,  Costello  and 
Chisholm  1981),  A  great  deal  of  scatter  was  observed  in  the 
population  doubling  times  of  the  T.  woisutlogli  isolates  derived 
here  and  there  was  no  consistent  correlation  between  average  cell 
size  and  growth  rate  regardless  of  the  culture  examined  (Table  1) ; 
in  only  four  out  of  22  cultures  was  the  relationship  significant. 
When  the  growth  rate  of  a  culture  was  examined  over  time  rather  then 
simply  with  respect  to  absolute  oell  size,  however,  a  different 
picture  began  to  emerge.  For  thoee  cultures  in  which  the  mean  cell 
size  remained  relatively  constant,  the  population  growth  rates  could 
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vary  dramatically  with  no  apparent  pradictablllty  (Fig.  12A,  B) , 
However,  during  intervale  in  which  dlaoernible  oaoillatlone  in  cell 
aize  were  apparent,  the  growth  rata  wag  correlated  with  cell  alze; 
newly  enlarged  oelle  appearod  to  grow  fatter  than  the  tmaller  oelle 
from  which  they  were  created  (Fig.  12B,  C) , 

Ditcuaaion 

The  control  of  cell  aiae  in  popular  lone  of  the  centric  diatom, 
T.  weiea/iogii,  it  a  quite  complicated  proceat.  Numeroua  iaolatee 
of  thie  diatom  repreeenting  a  broad  range  of  tiae  dietributione  and 
call  llneagea,  each  diaplayed  complex  and  unpredictable  pctterna  of 
cell  alee  change  during  nearly  two  yeara  of  continuoua  exponential 
growth,  The  only  feature  common  to  theao  varioua  alee  patterna  waa 
the  rate  of  deoreaae  in  mean  cell  alee,  a  value  which  ia  determined 
by  the  phyaical  oonatralnta  of  the  diatom  fruatule  during  mitotic 
diviaiona  and  the  minimum  call  alee  achieved  within  a  given  culture. 
The  reat  of  the  componenta,  i.e.,  the  timing  of  the  onaet  of  aexual 
reproduction,  the  rate  of  inoreaae  in  average  call  aiae,  and  the 
aize  of  the  poat-auxoaporea  created  during  the  aexual  eventa  varied 
among  populationa  and  even  within  a  given  population  over  time  in 
the  absence  of  any  obvioua  aelection  preasares.  We  hypotheaize  that 
the  variability  in  the  patterns  of  cell  aize  change  exhibited  by 
these  cultures  results  from  the  fact  that  the  genetic  composition  of 
the  populations  varied  over  time. 
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Fig.  12,  Mean  Coulcer  volume  (open  clrclee)  and  population  growth 
rate  (oloaed  Crlenglea)  over  time  In  three  laolatea  of  7, 
W0lssflogil ,  The  growth  rate  data  were  amoothed  over  three 
meaaurenienta, 
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In  the  absence  of  any  discernible  anviromnental  triggers,  the 
transition  from  asexual  reproduction  to  sexual  reproduction  is 
apparently  linked  with  the  obtainment  of  an  appropriate  cell  size. 
However,  this  permissive  size  range  can  vary  among  different 
populations  and  in  some  instances,  even  within  a  given  population 
over  time,  Thus  the  relationship  between  cell  size  and  the  capacity 
to  undergo  gametogenesla  is  not  absolute;  the  ability  of  two 
comparably  sized  cells  to  exit  the  mitotic  cycle  and  undergo  sexual 
reproduction  appears  to  be  determined  by  the  genotypes  of  these 
cells,  This  rusul.c  may  explain  our  inability  to  predict  the  extent 
of  spermatogenesis  induced  in  these  various  isolates  (Armbrust  et 
al.  19?(0). 

The  size  of  the  post*auxospore  cells  created  during  the  sexual 
episodes  also  varied  considerably  both  within  end  among  the 
different  populations  regardless  of  the  size  of  the  cells  that 
underwent  gametogenesis ,  The  number  of  generations  that  elapses 
between  the  completion  of  one  sexual  event  and  the  initiation  of  a 
new  one  should  be  determined  by  the  amount  of  time  necessary  for 
these  newly  created  large  cells  to  reach  a  permissive  size  range, 
Thus,  the  relative  values  of  these  two  parameters  along  with  the 
growth  rate  of  the  vegetative  cells  will  determine  the  frequency  of 
sexual  events  in  diatom  populations. 

The  third  factor  that  varied  among  the  different  Isolates,  the 
rate  of  inorease  in  mean  call  size,  is  perhaps  the  most  difficult  to 
interpret.  At  least  two  possible  scenarios  exist  for  what  may  have 
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occurtad  during  tha  Intarvala  of  Incraaslng  mean  Coulcer  volume.  In 
Che  first  scenario,  all  the  cells  within  a  population  are 
hypothesized  to  eventually  undergo  sexual  reproduction  and  auxospore 
formation  during  a  given  Interval  of  time;  the  rate  of  increase  in 
average  cell  size  is  thus  determined  by  the  size  of  the  post- 
auxospore  cells  and  the  rate  of  entry  of  vegetative  cells  Into  the 
permissible  size  range,  l.e,  the  generation  time  of  these  asexual 
cells,  In  the  second  scenario,  only  a  portion  of  the  cells  are 
hypothesized  to  form  auxospores  but  the  generation  time  of  these 
newly  enlarged  cells  Is  assumed  to  be  much  shorter  than  that  of 
cells  which  have  not  yet  undergone  sexual  reproduction.  The  amount 
of  time  for  such  a  cohort  of  cells  with  an  Increased  growth  rate  to 
dominate  a  population  can  be  predicted  (Wood  1989),  Assuming  that 
In  the  moat  extreme  case  only  one  post*auxospore  cell  Is  created  In 
a  population  of  10,000  cells  with  an  average  growth  rate  of  1,386 
day‘^,  the  growth  rate  of  the  post ‘auxospore  would  have  to  be  2.372 
day‘^  or  1.7  times  faster  than  the  other  cells  for  Its  descendents 
to  represent  99  %  of  the  population  in  2  weeks  and  1.846  day'^  or 
1.3  times  faster  for  Its  descendants  to  dominate  In  1  month. 

However,  If  Instead  of  only  one  cell,  50  %  of  this  same  population 
formed  auxospores,  then  the  growth  rate  of  these  cells  would  only 
have  to  be  1.714  day'^  for  this  cohort  to  dominate  In  two  weeks  and 
1,539  day*^  or  1.1  times  faster  than  average  for  the  descendants  of 
the  post -auxospore  cells  to  dominate  the  population  In  one  month. 
Thus,  If  in  fact  only  a  portion  of  a  population  undergoes  sexual 
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reproduction,  replicate  oulturea  may  quickly  diverge  depending  on 
which  cohort  of  cells  comes  to  dominate  which  culture, 

Olven  any  differences  in  growth  rates  In  pre-  and  post* 
auxospora  cells,  It  becomes  impoeelble  to  determine  based  on  cell 
size  distributions  alone,  what  portion  of  a  population  actually 
formed  auxospores.  However,  regardless  of  whether  or  not  the  entire 
population  or  only  a  fraction  of  the  population  undergoes  sexual 
reproduction,  by  the  time  the  maximum  mean  cell  size  Is  obtained, 
all  the  cells  remaining  within  a  culture  are  the  descendents  of 
auxospores  (Fig.  !)).  Thus,  the  genetic  composition  of  a  population 
before  the  interval  of  increasing  mean  Coulter  volume  will  differ 
from  the  composition  of  the  population  after  the  sexual  event; 
consequently  either  the  permissive  eize  range  or  the  new  potential 
size  of  post -auxospores  may  have  changed.  Even  more  genetic 
variability  can  be  generated  in  these  populations  due  to  the 
possibility  of  spontaneous  mutations  (Lands  1976).  As  described 
previously,  any  cell  with  a  faster  then  average  growth  rate  can  come 
to  dominate  a  population  over  time.  If  this  faster  growing  cell 
also  possesses  a  mutation  that  affects  the  control  of  cell  size, 
then  this  new  genotype  can  be  propagated  throughout  the  population 
during  the  intervals  of  asexual  reproduotlon, 

This  ^tudy  which  began  as  an  attempt  to  describe  the 
development  of  cell  size  over  time  in  diatoms,  has  uncovered  soma  of 
the  wonderful  complexity  of  these  populations.  The  composition  of  a 
population  of  these  organisms  even  in  the  absence  of  any  selection 
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pressures  Is  extremely  fluid  with  the  potential  for  frequent 
alterations  of  both  the  genotypes  and  phenotypes  of  its  members, 

Even  populations  that  originate  from  genetically  identical  cells  can 
rapidly  display  dramatically  different  behaviors,  Thus,  over  the 
course  of  a  year,  the  characteristics  of  a  population  may  undergo 
numerous  transformations,  a  feature  which  must  be  kept  in  mind  as 
attempts  are  made  to  understand  the  details  of  the  physiology  of 
these  organisms. 
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TABLE  1 .  Sunmiary  of  Che  rates  of  decrease  and  Increase  In  mean 
Coulter  volume  and  the  ratio  of  the  maximum  volume  of  a  population 
to  the  minimum  value  prior  to  the  Initiation  of  a  size  Increase. 
All  rates  reflect  the  linear  regression  during  an  increase  or 
decrease  in  volume,  A  generation  time  of  12  hours  was  assumed  in 
all  calculations^. 


Clone 

Rate  of  Decrease" 
(fiftr '  cell‘d  ‘gen'^) 

X  ±  SE  (n)*^ 

Rate  of  Increase 
(/im^'cell'^’gen'^) 

X  ±  SE  (n) 

Max; Min 
(range) 

1147-1^ 

9.8  ± 

0.6 

(5) 

12.1 

± 

3.8 

(4) 

1.6 

-  3.5 

■2 

8.6  ± 

0.6 

(6) 

10.3 

± 

1.4 

(5) 

1.2 

■  2.6 

920-1 

8.2  ± 

0.8 

<6) 

4.5 

± 

1.8 

(5) 

1.2 

-  1.8 

-2 

9.2  ± 

0.8 

(4) 

9.7 

± 

3.8 

(4) 

1.2 

-  2.4 

444-1 

7.2  ± 

0.8 

(5) 

5.5 

± 

1.5 

(5) 

1.2 

-  1.9 

-2 

N.  A.‘ 

1 

868-1 

4.0  ± 

0,8 

(3) 

2.3 

± 

0.2 

(4) 

1.3 

-  1.9 

-2 

N.  A. 

709-1 

6.0  ± 

2.7 

<2) 

3.7 

± 

1.2 

(2) 

1,6 

-  2.3 

-2 

3,6  ± 

1.6 

(2) 

5.3 

± 

2.0 

(2) 

2.3 

-  2.5 

877-1 

8.4  1- 

1.3 

(2) 

3.6 

± 

0.9 

(2) 

1.8 

-  1.9 

-2 

N.  A. 

877-1 

8.4  ± 

1.3 

(2) 

3.6 

± 

0.9 

(2) 

1.8 

-  1.9 

-2 

N.  A. 

593-1 

7.2  ± 

0.7 

(2) 

9.6 

± 

2.8 

(3) 

1.7 

-  2.0 

-2 

9.6  ± 

1.8 

(4) 

8.6 

± 

3.0 

(4) 

1.3 

-  2.1 

747-1 

8.2  ± 

1.1 

(2) 

10.5 

± 

5.1 

(2) 

1.3 

-  2.0 

-2 

8.0  ± 

0.8 

(2) 

5.2 

± 

0.4 

(2) 

1.5 

-  2.2 

1724-1 

16.4  ± 

7.6 

(4) 

9.0 

± 

2.9 

(3) 

1.8 

-  2.1 

-2 

10.6  ± 

0.8 

<4) 

12.0 

± 

3.6 

(4) 

1.5 

•  2.2 

834-1 

6.6  ± 

1,6 

<4) 

3.8 

± 

1.8 

(3) 

1.4 

•  2.5 

-2 

6.4  ± 

1.2 

(4) 

3.6 

± 

0.7 

(3) 

1.3 

-  2.4 

637-1 

4.8  ± 

2.0 

(2) 

5.3 

± 

1.6 

(2) 

1.6 

-  2.2 

-2 

10.0  ± 

2.8 

(3) 

5.8 

± 

1.5 

(4) 

1.7 

-  1.8 
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Table  1,  cent. 


®  In  reality,  generation  tlmea  ranged  from  approximately  8-19  hours, 
which  does  not  influence  the  conclusions. 

^  Rates  of  decrease  were  multiplied  by  two  since  upon  division,  only 
one  of  the  two  daughter  cells  is  smaller  than  the  its  mother. 

n  refers  to  the  number  of  increases  or  decreases  in  average 
Coul'.er  volume  regressed. 

-1  and  -2  refer  to  the  two  replicate  cultures. 

^  N.  A.  or  not  applicable  indicates  that  at  least  two  increasing  or 
decreasing  slopes  could  not  be  analyzed. 
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TABLE  2.  Sununairy  of  cotralatlon  aoaff Iolanta  <r)  batween  population 
doubling  times  and  mean  Coulter  volume  over  time  for  xl 
welaafloyll  Isolatea  maintained  exponentially  in  continuous 
light  and  constant  temperature.  Doubling  times  were  determined 
from  three  consecutive  fluorescence  readings.  Only  those 
growth  rates  which  were  derived  from  a  regression  with  r^  > 
.990  were  considered  for  the  calculation  of  the  correlation 
coefficients. 


Isolate 

Designation 

Replicate  1 
r 

n 

Replicate  2 
r 

n 

$66 

.0268 

40 

.719* 

31 

709 

.104 

37 

.0092 

42 

877 

.364 

30 

.213 

33 

593 

.213 

33 

.153* 

37 

7A7 

.274 

30 

.564 

38 

1147 

.0396 

26 

.270 

36 

920 

.304 

30 

,137 

34 

444 

.0564 

30 

.0263 

36 

1724 

.0149 

35 

.0449 

45 

834 

.0439 

37 

.457* 

39 

637 

.599* 

37 

.1612 

37 

<  0.05. 
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Appendix 


Effect  of  Light  on  the  Cell  Cycle  of  a  Marine  Synechococcua  Strain 
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I'l'iiillcilon’i  ol'  ihtt  phytioKiuU'iil  rv>>ptinsi!s  nl'  mdiviiliiiil 
culb  III  uin  irunintfniiil  clmiiuv  ii>i|uiio  mi  tiiuleiHiunUinii  ol' 
ciill  c^'lc  ivgiiliiliiMi.  I'hi'  I'liilrniimvni  iillei;i\  <lw  prugrvs' 
^Inn  of  cdII^  ihruiigh  ihvir  ^nriiui^  evil  vyvlv  Mngw  nml 
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pviiiidv  nr  Ihv  UlvMnn  vyviv.  rvuiliinu  In  Umiivil  inivrviiK 
when  vvll*i  nrv  iihiv  In  ilvivvi  unil  ivspniul  In  VMvimil  Hiinitill. 
thus.  ii  vnmiilvv  I'vvilhiivk  vyvivm  vxiMi  hvisivvn  vvIK  .mil 
Ihvir  Immvdliilc  nirriiimdingx.  Wv  huvv  xhnun,  tnrvyimipiv. 
Ihiii  Ihv  piixliliin  III'  llghi.dvpvndvni  iirrvvi  iminiv  in  ihv  vvll 
vyvivv  ot  livn  iinivvllulni  iiiuiinv  phyinplimklnn.  n  dininni 
iind  11  vovvnilihnphiirld  i.rni.  vxplulnv  ihv  populiitlnn  groMih 
pulivi'iix  nl'  Ihvxv  nrgiinlxnix  on  ii  nnigv  nl'  llghl/durk  vyvivi 
i.VM.  .SImlliirly,  only  wlih  ihv  dKvnvvry  ihui  phninxyiiihwiv 
and  nlirngvn  llxiiliun  nrv  rvxirivivd  In  illITvrvni  piirilont  nf 
Ihv  vvll  vyviv  llhiix.  ivinpnrnlly  xvpnrnllng  niirngvniniv  iicilv- 
liy  frum  nxygvn  vvulullun  U(i)l  vmild  ihv  prvivnvv  iifnliio- 
gtn  tlxnlUin  In  pnpulnilnnv  nl'  iinivviliiliir  vynmihiivivrlii  hv 
iidui|uuuly  v.ypliilnvd  (2ri,  }7i. 

Our  Inurvxi  In  ihv  vvll  vyviv  of  murinv  iV,v«vrr((«iHrM.« 
iipp.  uruiv  from  v  dmirv  lu  undvrxland  ihv  ubtvrvvd  griuvili 
nuiiirnx  ur  ihixv  vyiinnhnvlvriii  un  ii  divl  llght/dnrk  vyviv. 
i.lkv  mimy  dluinnix  |7I.  Ss'im  lmvomh  xpp.  dividv  prvdi)m> 
Innnily  during  ihv  llghi  mivrvnl  oni  rmhvr  ihim  ihv  dark,  u 
vhnruvivrMlv  whivh  vviv  Ihwv  iwn  grniipx  nl'vvllx  .ipiiri  I'rnm 
iiinii  iiihvr  phyiopliinklnn.  A  vvvnnd  uniiviinl  vhurttvivrixilv 
nl' .Vyrivi  hiK  iir('n.y  pupulnllnnx  lx  iliul  ihv  I'rvquvnvy  nl  dlvld> 
mg  vvllx  hvvnmvs  vnnxiuni  during  ihv  dnrk  inivrvul  nhvn  vvll 
divhiun  lx  nn  longer  nvviirrlng  i.iHi.  implying  ihui  u  vvrluin 
Irnvilun  ul'  ihv  pnpuluilun  lx  iirrcxivd  In  Ihv  dniihlvt  xiiigv 
during  muxi  nl'ihv  nighi. 

I'hv  rrvxhwiilvr  vyunuhuvivriuni  Arinryxl/i  iilMiini  hvx 
hvvn  Ihv  rovui  of  numtruux  vvll  vyviv  ximllvx  iv.g..  10,  }4i, 
und  yet.  vvll  vyviv  rvgulullun  In  rvliilvd  murinv  xpvvivx  uf 
unlvvllulur  cyunuhuvleiiu  rvmnlhx  viriuully  unexplored.  Pro. 
viiryuliv  vvll  vyviv  modvli  buxvd  nn  k.H/wrivh/n  tul/  prvdivi 
thni  DNA  will  he  xynihvxUvd  vunilnuuuxly  thnrughoiil  Ihv 
dWIxiun  vyviv  whvn  Ihv  nmouni  uf  ilmv  nvvvxxnry  in  virni* 
piviv  DNA  xynihvxlx  und  vvll  divixinn  lx  grvnivr  ihun  me 
gvnvruiiun  lime  of  ihv  nrgunixm  il2.  17.  m,  }!i.  A  mjulum 
nppvnrx  lu  vunivln  mulilpiv  vnpivx  of  llx  gvnnmv  ul  gruwih 
rntvx  which,  iivvnrding  in  ihv  K,  mli  model,  would  nui 
nvcvxiilute  vunilnuuux  DNA  xynihvxlx  i].7i.  Thv  minimum 
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dnuhling  lime  nhxvrvcd  inr  murinv  .Siiii'ihndii  riiv  siriiinx 
vun  I'v  .ilmnsi  .III  niilvr  vU  miignlliiilv  gre.iier  ilum  iliiii  nl 
rupiillv  iiriming  .1.  nif/ii/nm  nr  lu/i  pnpiilulinnx.  Ihexe 
nhxviMilinnx  imxe  ihv  ijiivxilnn  nl'  whvihvi  ihv  vvll  vyviv 
vhuiuvlvnxiivx  nl  m.irinv  .Swu'i /im  luriri  spp,  will  hv  iiiniv 
ximilur  in  uppvuriinvv  in  ihv  prnviirynllv  mnilvl  nl'  !■:,  ni/l  nr 
iniheir  rupidly  grniiiug  pinviirvnilv  rvluilvv.  .A.  ii/iliilmii,  nr 
pvi'hupx  inxiviiil  In  iliv  rvluiiM'h  slowly  urnuing  viivurynllv 
veils 

I'hv  gn.ilx III' mil'  sillily  ueiv  in  desviihv  ihe  DNA  vyvle  nl' 
.Vi'iivr/inroi  i III  spp,  ,is  ii  hiiiviiim  nl'  Ihv  grinvih  riilv  und  In 
ex.nmnv  Imhi  ili'pemlviii  leiiiiluiiim  nl'ihv  vvll  vvvie  in  nrdvr 
inprvdivi  ihe  hehiivinr  nl'pnpiiluiinns  nl  vvlls  in  Ihvir  nuiiiriil 
envlimmiviii.  Our  emphusK  iius  nn  ihv  vliivldiiiiim  n|'  ihlx 
vuiiphng  hetwiivn  ihv  nuiiirul  phninvyvlv  und  veil  vyvle 
prngrexxinn,  niiher  Hum  nn  ihe  mvchunlsinx  vnmrnlling  ihlx 
voupling  I'he  Inviiilnnx  of  lighi-ilvpendeni  prnvesses  were 
Ideniilled,  ihinugh  Ihe  use  nl'lUiw  vyinmeiry.  hy  e.xummlng 
veil  eyvie  responses  in  lighi  lliiiliiiilim  niul  hy  deieimming 
Ihe  urrest  points  nl'  pupulallons  deprived  of  light  i.Ml,  .IM 
Our  hudlngx  Indivule  ihm.  similiir  in  euviiryntlv  veils,  ihe 
murine  .V.vm'r/iiiinmi.s  sp.  displays  issn  gups  In  DNA  syn¬ 
thesis  ul  euvh  Hinwih  niie  uxamlneil.  Mnrenver.  unlike  most 
other  unlvelliiTur  ulguv.  in  whivh  only  ihv  liiivryul  hvlorv 
DNA  synihesix  Is  light  dvpvndeiil  iIT.  .'li.  ,'.ti.  in  the  .Svti. 
t'r/rni  ni .  hi  sp  .  cvll  vyvle  prngivs  Inn  ihrnugh  euvh  nl'  ihv 
gups  III  DNa  synihesix  lequiiev  llglii.  I  ni  sinipliviiy  anil  In 
uvvurdanve  with  vuvaryuiiv  anmeiivlatarv.  these  isin  gaps 
will  he  ivl'erred  In  as  Cl.  and  (I.  aiul  iliv  Inicryal  nl'  DNA 
synthesis  will  he  relerred  in  as  .si. 

MA  IKKIAI..*i  AND  .MKTIIODS 

Cullurc  cundllliini.  The  .Vviii  i  /Mii  iiri  iii  sp.  iMrain  WH- 
Kini),  an  Inshore  Ixnliile  svlilvh  lavks  phyvnvryihrin.  was 
ubialned  rrom  John  Wiilerbiiry  at  Ihv  Wnoils  Nnle  Dvvuiin- 
gruphiv  instliiillnn  und  was  urnwn  m  l'2  ennvhvd  seawuicr 
medium  i  Ihi.  Vur  die  light  limliuilun  siudivx.  semivunlinuoux 
cultures  ererc  muiniuiiivd  in  expnnenilul  growth  I'nr  u  mini¬ 
mum  nl'  17  generdiuns  ul  2.7T  iindor  cnniinuiiux  llluminuiliin 
ranging  I'timi  22.4  in  174  mlvrucinxtulni  -  m  '  y  A 
I'urnur  lluoromeler  wax  uxed  In  munllur  dally  vhungex  in  the 
In  vivo  fluoresvenve  of  ihc  culiurex  In  urder  lu  determine 
growth  ralex  IM. 

For  Ihe  dark  iirresi  experlmonl.  viiliurex  were  growa  id 
I'PC  In  vnnilnunux  light  ai  7ii  mivruelnsteinx  -  m  ' .  x  ' 
before  pluvemeni  In  the  dark.  During  ihe  vourxe  of  the 
expviimem.  vhiinges  in  ilie  veil  number  were  deie. mined 
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SI  itfi  .in  v.'|iilluiirs'ss'cnl  /clss  micritsiiopc  A  'i.impic  nl'culiurc 
sins  sliluls-J  ssilli  llllvrs'il  ss'iiss liter  In  obliiin  iippiuMmulcly  2f 
III  5(1  cells  per  Held  .mil  then  Hliered  iii  a  laeuiim  pressure  nl’ 
less  Ihiin  125  mm  nl'  mercury  nmu  ii  Niiclepnre  Hller  ipnre 
sUe.  0.2  ^ml.  The  tiller  ssiis  then  similsslehed  belsseen  ii 
cover  slip  and  a  slide  svilh  immersiim  nil  imd  viihvr  tro/vn  nr 
eniinied  Immediulely.  An  averiive  nl' 400  cells  per  tiller  ssiis 
cniinied,  In  some  esperimvnis  ihe  cell  rumber  isiis  alsn 
iminiinred  iiilh  an  T.pics  V  ilnss  csinmeier  MKhmm  eseilif 
linn  hHO-ii  ide-baiid  eillissioni:  a  kilnisn  ituaiilily  nl'  slandard 
bends  was  added  lo  live  samples  in  ealeiilaie  the  amount  nl' 
sample  run  'liroiiiih  the  ilnw  cyinmeier  iind  ihiis  determine 
Ihe  cell  eniiceniraimn  i2iii, 

A  senes  nrciilliires  isetv  alsn  inalnialned  In  steady  stale 
I'nr  2  sseeks  im  a  |4>h:|ii-h  lliihl'daik  cycle  at  a  iliibi  level  nl' 
lixi  micraeiiisielns  m  '  s  '  and  a  ieiiiperaiure  nl'  20'l'. 
Averaue  pnpiiliilinn  itinssih  rales  were  deiermined  by  imm- 
iiorlnn  in  vls  nciilliire  lliinresceiice  al  Ihe  same  lime  each  day 
us  ellmlniiie  the  ellecls  of  diet  perindiclly  nn  Hunrescence 
yield.  UuriPH  Ihe  uclual  experlmenl.  cell  disisinn  seas  mnn* 
linred  by  nilcrnscope  coiinis  as  described  alsnve. 

KUIni  end  alilnlnn  fur  How  cyiametrlr  nniilyMs.  line  in  ten 
million  cells  were  hiirvesied  by  cenlrlfiiuuiloti  ai  1 1  .(XXI  x  e 
I'nr  .1  min  and  stibseriiieni  remuval  of  all  bin  0.1  ml  nf  ihe 
siipernulunl.  t  he  suspended  pellei  was  ihen  Injected  thrnuih 
a  24.xauiie  hypssdermie  needle  Inin  10  ml  of  Ice-cssld  absotuie 
meihanni  and  sinresi  al  4'('  I'nr  u  miiilnuim  of  2  h  In  bnih  llx 
Ihe  cells  and  remnse  chlornphyll.  Samples  prepared  In  this 
manner  romuin  stable  al  4"^'  fur  ap  to  I  year  before  unals  sis 
i2ui. 

Ill  preparailon  for  the  llosv  eyiomeirie  analysis  of  UNA. 
I..<  ml  of  the  methanol-ll.snd  sample  was  cemrlluyed  in 
1 1  .(KXi » II  for  i  min  The  supernuinni  was  removed,  and  ihe 
pellet  will  washed  once  wIili  I..4  ml  of  lOT  phosphate* 
hiiirered  saline  (.<  inM  KHjPOs,  f  mM  KjHHO,.  0.(11.''  M 
NuCI;  pH  7.41  and  suspended  in  I  ml  of  loof  phusphaie* 
huifered  saline.  Hy  using  a  modIHvatlon  of  (he  teehnlifue  of 
Crissman  and  .Sieinkamp  ivi,  propidlum  Iodide  (Sigma 
Chemical  Co.;  flnal  eonceniruiiun,  .fu  m  .  ml''l  and  RNoie 
Ai.SIgmutHnal  concenirailon.  U.M  mg  .  ml' M  were  added  lu 
each  sample,  and  the  samples  were  ineuhaled  ui  room 
lemperaiure  for  2  h.  After  ine  2.h  Ineiibailun.  huckground 
slain  Will  removed.  If  necessary,  by  lirsi  hliering  ihe  sample 
through  a  Nuclepore  lllier  ipore  sl/e.  0.2  iiini  and  then 
washing  II  wlih  2  ml  of  liT'l  phosphaiU'btilTered  saline.  The 
washed  cells  were  suspended  In  I  ml  of  IIKI  phosphate, 
bulfered  saline  and  analyieJ  wiihln  4  h  with  an  Epics  V  Dow- 
eyiumeter. 

Flow  cyiomeirlc  annlywa.  Laser  eseliailon  iil  .M4  nm  was 
Used  lo  measure  simulluneously  ihe  I'orwarU  angle  light 
scalier  iPLS),  which  is  an  Indleulor  of  cell  site,  and  propid* 
lum  Iodide  Huoreseence  (emission  measured  ui  greater  than 
.'VO  nmi  of  Individual  cells.  To  Increase  sensitivity,  |  W  of 
laser  power  was  focused  lo  ii  spot  site  of  Ih..'  hy  40  pm  with 
a  vonfocal  lens  system.  A  lotal  of  20,000  lo  .'O.lMXl  cells  per 
sumple  were  anulyted  In  this  manner.  Uniform  fluorescent 
hendi  Idlameter.  U.V  yem:  Duke  Scienllflei  were  added  lu 
each  sample  as  an  inieinal  slandard  lo  munlUir  drift  in  the 
performance  of  ihe  flow  cyiomeier  and  to  cullbrala  each 
fluorescence  and  PLS  measurement  so  that  samples  ana* 
lyted  on  illlTerem  days  could  he  eompured. 

The  data  were  stored  Iwth  as  singii.pnrumeivr  DNA 
fluorescence  histograms  nf  2.'i(>'channcM  resnluiion  and  as 
iwu-parameler  hlilogroms  of  correlated  KLS  and  DNA 
fluorescence  of  64  x  N'Chunnel  resolution. 

Dili  analyili.  The  data  generated  with  ihe  Epics  V  flow 


cyiomeier  were  ininsferred  in  .in  IH.M  'XHXI  cnmpiiler  I'nr 
delailed  analsMs  iP.  Vuulni.  I’h.P.  ihesis.  Massaeluisolls 
Insliliile  nf  I'echnnlngy  and  ihe  SVnnds  llnie  ncennngruphic 
InMliuiinn.  (‘iimbildpe.  Mass  ,  I'lKM.  Slngle-piiramcler 
ON.A  hisincMins  were  iiii.ils/ed  by  iissiiniing  ihiil  ilie  Iwn 
main  ihiorcHeeiice  peaks  correspniuled  in  lii  and  (i.  cells  nf 
eiiher  one  nr  Iwn  cnmplemviils  nf  PNA.  rospeellvely.  .iiid 
ih,ii  Ihe  region  sepuniling  these  iwn  peaks  represenled  ihnse 
cells  in  Ihe  process  nf  DNA  lepllcnlinli,  nr  the  .S  phase.  In 
calciilaif  Ihe  percciilage  of  cells  in  each  nl  these  cell  cycle 
stages,  II  was  assiniieii  lhal  ihe  (l|  and  (i.  peaks  display esi 
(iiiussian  dlsinbaiiniis  nf  DNA  lliinresceiiee  per  cell  1 1 1 1  nnsl 
lhal  Ihe  S  phase  ennid  he  apprnyimiileil  as  ihe  sum  nl  u  senes 
nf  (iaiissian  curves  iS'.iulnl.  I’h.D.  ihesisl. 

Iheduiatinn  sd'e.icit  cell  cycle  stage,  /in.  was  ealcuhileil 
frnin  Ihe  prs'pnillna  ssi'  the  pnpid.iiinn  in  each  stage,  /'i.ii. 
iiiul  Ihe  dniibllng  nine  nf  the  pnpuliilinn  in  espnneiilliil 
growth,  I,,,  iiceniding  in  the  cuaalinns  nf.Sliiler  el  al.  i.'2l: 

/l(i|i  -  -i(„/ln  2iln  II  |/'l(.l,l  2|l 

/Ul;i  ii„ln  :iln  |1  ■  (/'Itijlll 

/I SI  -  i/„.ln  2iln(l  •  /‘IS I/ll  ■■  /'((I, I II 

Twu-parameler  hisingrams  were  ahidy/ed  hy  llrsi  cnanl- 
lag  the  eells  within  a  given  window,  Modes  and  coelllelcnls 
tsi' viirlalinn  iCVsi  were  then  culculalcsl  far  ii  single  pariiiii' 
eler  nf  these  selecleJdiila.  Tin.illy,  ihe  mnsle  nfihe  ELSiiml 
DNA  lltinreseenee  was  irniisl'nimed  from  a  Ingariihmlc  scale 
In  a  linear  scale,  cidibraied  ngiiinsi  ihe  ii.v-um  beads,  and 
espressed  In  reliillse  nulls. 

I'nmputtr  inudil,  I'lie  genei'iii  image  nf  cell  cycle  regula¬ 
tion  nf  prnearynilc  organisms  has  been  estrnpsduied  from  the 
model  for  t',  id//  proposed  by  Hcimsieiier  and  Uooper  il7i 
and  is  sunimarittd  in  Elg.  l.  In  iheir  scheme  the  Imporlani 
determinnm  of  cell  cycle  hehuvior  is  ihe  diirallnn  of  ihe 
division  cycle  relative  in  Ihe  DNA  cycle  il'lg,  I A  and  Bi,  We 
developed  u  compmer  slmiilallon  bused  on  this  /■.',  lo//  model 
112,  IXi  In  predict  Ihe  disiribiilinn  nf  DNA  per  cell  for 
proeitryulle  pnpiilnliuns  displaying  a  range  nf  growth  rules 
I  Fig.  1C  and  Dl.  The  use  of  this  nomericul  model  enabled  us 
lo  predlel  how  ihe  flow  eytomeiric  diiiu  wmilJ  appear  If 
cyanuhuclerhi  adhered  lo  the  "rules"  nf  //.  i  nil  and  in  place 
hnundarles  nn  ihe  reliiiinnship  beiween  ihe  cell  cycle  niid  the 
DNA  cycle  In  ihls  species, 

The  Input  parameiers  reaulred  I'sir  each  model  ennditinn 
were  ihv  pnpulailoo  doubling  lime  ir  ,i.  Ihe  lime  necessary 
fnrupairnf  repllcaimn  forks  in  iravel  ilie  enure  length  sifihe 
chrumosnmeilhe  DNA  repllcailna  lime,  sir  i,i,  ihe  minimum 
lime  elapsed  between  ihc  eninpleilnii  nf  chrnmnsnme  repll- 
culinn  and  cell  division  lihe  septum  I'nrituilloii  lime.  P>,  and 
Ihe  CV  for  the  DNA  iniusuremeni.  For  slowly  growing  eells 
In  which  the  generation  lime  was  greaier  ihan  ihe  umouni  of 
time  necessary  for  chromosome  repllcuilun  and  septum 
furmiitlon.  the  duration  of  cither  ihe  U|  or  Uj  gap  was  also 
needed  IO|  i-  i,  i-  Oj  •  r,,;  Oj  «  /)), 

Three  assumpilons  from  ihe  t'.  mil  model  wei«  cenirid  u> 
Ihe  fnrmulallnn  of  our  model  First,  ii  was  pnsliiluled  that 
each  replication  fork  moved  nh'ng  ilw  chromosome  at  a 
cotisium  rale  I.',  20i  Second,  i;  wiss  assumed  lhal  u  newly 
horn  cell  eonimned  a  single  citmplemeni  of  U.SA  If  the 
generuiion  time  wu.s  greaier  than  or  equul  lo  Ihe  sum  ol  ihe 
DNA  repllcuilun  and  septum  formuliun  times.  Third.  If  the 
generuiion  lime  of  u  cell  was  less  than  ihls  sum.  then 
synihesis  of  ii  comnleie  chromosome  spanned  more  than  a 
single  generuiion.  Newly  horn  ceils  thcrel'uie  conlained  a 
single  complete  DNA  cumplemeni  plus  one  or  more  partial 
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I'lCI,  I,  I’UK'iifyitln'  ninUcI  of  whromiivimt  rcplicititon  hineii  on  ilw  veil  cycle  oi'fi  ruli  iiulupicU  friiin  tcfcicncc  I2i  lA  iiml  Hi  miU  ihc 
iiiimcrlciil  cinuiliilioio  of  ihe  dioiriOiiiion  of  t)NA  rcccll  loAMiminii  o  ('V  of  lii'  ii  in  icIulocK  nIuo  h'o  .mtl  lioi  >l>i'iiiooiii||  populiiiioos, 
III  piiniiH  A  onO  II.  i«prcscni«  the  iiimimoiii  cell  Icniiiluil  wMcIi  ^cpium  fornioiion  con  Iwiiin  ootl  ilic  limoulCMCpicccni  icpliculiioi  forl.< 
on  Ihe  ciniilc  clrciilur  cliiomocomc.  i.\i  When  ihe  iicncmtlon  lime  of  n  cell  Is  iiienlet  Ihon  Ihe  onionni  of  inoe  ncccssiO'S  lo  coinpicle 
chiomocomv  rcpilc'ollon  unU  cell  ilivoion.  yinp' m  DKA  cytiihecic  comlni  m  iippcninncc  to  ihe  cucnicolic  mlcit.il'  of  li,  niul  li.  will  occio 
hoih  heforc  oiul  oiler  ilic  UNA  lepllcoiion  period.  In  line  exoniple  lire  duioiions  ol  (i,  omi  (I-  ore  eoiiol  ond  the  oiininolion  of  llicec  inieic  .ils 
ic  ec|Ulvolenl  lo  Ihe  DN.A  icpIicolion  nine  ill'  When  Ihe  eeiietollon  time  of  o  cell  ic  Icee  ihnn  ihe  ninoiiiil  ol  nine  oececiOis  loi  o  lopliconon 
fork  10  novel  orouiid  ihe  clnomocome.  iie»  lomuUofDNA  >cniheci»oie  Inilioled  hcfoie  Ihe  ptecedlne  nninils  me  wonipleied  In  ihiMncioUce 
Ihe  DNA  repllcoilon  lime  is  I  iiinec  os  lone  us  ihe  iiencnnnm  imw  iCi  Sliiuiluicd  illcinhulion  of  the  rehilice  I  IN  \  niioiesceiice  pel  cell  of 
Ihe  espoiienllolly  eiooine  popiilononsdisploced  in  ponel  V.  fhe  lellmosi  ihohcdlinciepresvnic  ihocecellMn  iii.  ihe  dashed  line  in  Ihcccnlei 
represenic  ihnse  cells  m  ihe  process  ol  chioinocomc  rcpiiconon.  ihc  doited  line  represents  cells  in  Uo  uiul  ihv  solid  line  is  ihe  sum  of  Hie 
dlsinhoiion  of  cells  In  ciich  of  lliese  sunies.  iDi  In  ihe  foc|.|irtisvlheusciHi.  oil  cells  ore  m  Ihe  S  phioe  since  DN  A  scnihosisoceiiis  ihroiiiihoiil 
Ihe  cell  cycle.  Nolo  ihiit  Hie  meon  DNA  conieni  per  cell  is  hipher  tor  this  i<iipuhiHon  ihiin  ihol  in  ihe  shocls  inoscinji  evomple. 


eiimpIcmeiHs.  ihc  synihcsln  uf  svhivli  beuim  In  u  prcvluun  iicncriitUins.  rii,  sshleh  hiivc  lo  he  spiiiHicrl  In  orricr  lo 
pencriiliun  iriy.  lUi.  coniiylctc  ihe  synlhcsiii  of  uii  eiiliic  clHoiiiiisume  svns  ciilcu- 

To  culculiiie  Ihc  DNA  hisioyrum  for  iin  iisynehrvrnously  luicii  hy  roiindlnii  up  to  the  ncnrusi  Inicpcr  the  riilki.  D,  < 

growlny  pupuliillon.  ihc  program  tirsi  siihdlvIJuil  the  cell  l))ii,,.  Unsucl  on  rri.  DNA,  „  wiis  ilicn  rlcicrmlncd  In  Ihc 

cycle  Inio  a  number  of  Inei'cnyciiis  tif  consiant  sturailun  and  Ibllouing  manner.  When  rri  I,  a  ncvyboin  cell  contalnk  oryc 

then  calculaicil  the  DNA  amouni  fur  each  lacrcmem.  For  cimiplclc  DNAcompIcmcni.A.  When  in  2,  ii  newborn  cell 

slowly  growing  popiilallomi  If,, -r /,  <■ /)i.  (I,  eellseonialnid  eoniulns  A  amaiini  of  DN,\  In  addition  lo  one  puriial 

a  single  DNA  eomplemuni,  U,  cells  coniuined  isso  DNA  complement.  0,  Ihe  syaiheslsul  which  musi  be  eompleled /) 

complemenis,  and  cells  In  Ihe  process  of  chiomosume  rep-  mlnuies  before  division.  Since  U  must  eifual  I  at  lime  i  >  i,, 

liemion  coniuined  an  iniermedlaie  amouni  of  DNA  linearly  -  0,  ai  ilmu  r  0,0  -  1  ••  |H,,  -  Oft, lor,  uponrearranglag, 

related  lo  the  amuuiii  of  lime  spcnl  in  S  reliillvc  to  the  utiul  W  “  1  r  [i/J  -  In  a  similar  fashion,  w  hen  in  '  .f ,  ihe 

duration  of  this  phase,  DNA  eonleal  la  ti  newborn  cell  will  he  A  -  0  2  piirllul 

to  ascertiiln  the  relative  amount  of  DNA  In  a  ness  ly  horn  complements,  each  with  f,,'f,  lesh  DNA  ihiin  0.  Al  lime  / 

cclIiDNA,  ,|)  under  fust  growth  coadlilons,  Ihe  number  rrf  •<  0,  t'  ••  1  >  [i/y  -  -  i/,,,f,i  or  c'  -  1  >  [i/y  -  2  » 
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AKWHKl'SI  Cl  Al. 


Al'i'l.  Cnviniin.  Muniihiiii 


A  cimilnuii'lon  of  ihls  svhiimc  rtiMilCi  In  Iht  I'lillowinK 
|ii.'ni'riil  v<|iiiiiion  lor  dcivrminlnit  ihv  umoiinl  of  UNA  wiihln 
u  ncwhurn  evil: 

UNA,  I  '  1\  :■  'll  •  !/>  -  I/  -  11 


Tit  eulciiliiu  ihe  UNA  iiniouni  for  iiuvh  veil  cycle  tncrc- 
mcni  In  ii  iitii-nritwih  ciisc  II,,  <  i,  *  'Ji,  ihc  prugriim 
JeUTmliu'il  ihv  iinu'  iii  uhlch  i'i|tl‘cnilnn  forkv  hc|i«n  unit 
vnilcti  cynihcttiv  iicvoriling  lo  ihv  I’olloviihv  c(|uuiittn<<: 

I  siiirt  iiitie  llniili  lime  no  o!  replieulion  folk  piiiii 


1  It  I.,  II  1 

II  J'  ' 

111  nil- 1,, I  I,  II  1,1  ' 

These ei|iuiiiiins  iieiv  ilemeil  by  nssiinimg  ihiii  chromosonie 
lenluiiliitn  rei|iiiieil  i,  niiiuilvs  oiul  Ihul  veil  divisinn  ov 
vui'ieil  h  miniilvs  ulivi  o  vonipleie  cnniplcnieni  sius  synihc' 
siiieil.  The  lenii.i  i'  on  miles  I'lom  1  m  ri  ileMiinulIng  each  of 
Ihe  seis  Ilf  wmiplenivnis  In  be  syniheslceil  Ouring  the  cell 
cycle.  'I  he  l)N  A  umooiii  fur  eiich  Incrcmcni  wuii  culculaied 
hiiscil  on  Ihv  UNA  iintotmi  from  the  previous  Increment,  the 
Increment  iliiriiilon.  the  UNA  icpllciitlun  lime,  ami  the 
mimhvr  of  ucilve  repliciiilon  forloi.  Once  the  UNA  ttmounl 
for  each  cell  cycle  Incremeni  kmv*'n.  the  raluiive 
number  of  cells  .tiihiit  each  suhtllvlelun  wan  dkierminevt 
iiccording  in  ihe  cquiiiluns  for  ihe  itge  illkirlhtiilon  of  iin 
iieynchronotisly  growing  pupuluiloti  till. 

The  final  processing  siep  was  lo  Incorponiie  Inlo  the 
hlsiogrum  Ihc  esperlincniiil  error  ussocluieJ  with  the  (low 
cyiomvii'ic  deiermlniilloii  of  relative  UNA  fluorescence  per 
cell.  The  DNA  lluorescvnce  for  a  given  UNA  antoitni  was 
assumed  to  he  u  Gaussian  dlstiihuilon  wlih  a  eonsiunl  CV 
1 1 1 1.  The  suhpupulailon  svlihln  each  cell  cycle  increment  was 
thus  also  dlsirlhuivd  Into  a  Gaussian  nuurescenev  curve 
according  lo  the  UNA  umtuini  and  Ihe  CV.  The  Anal 
disirihullon  of  ihe  rehiiive  cell  number  versus  the  reliulse 
DNA  Auorescence  was  therefore  assembled  by  summing  the 
Auoreseence  contrlhuilons  from  each  suhpoptilalion. 

RK.SIILTS 

Mudel  pridlcllons.  A  lunge  of  poienllal  disirihuilons  of 
UNA  per  cell  was  esumlned  by  employing  our  computer 
mudel  lu  simulate  both  discrete  (Pig.  lA  and  Cl  and  cumin- 
uou.s  (Fig.  lb  and  Ui  UNA  repllcuilon  wiibln  espanenilally 
growing  populations.  The  results  of  ibe  numerical  model 
Indicated  thal  a  unliitodul  disuihuilon  of  UNA  per  veil  could 
he  obiulned  under  u  suite  of  vondlliun.s  ranging  IVom  comin- 
uous  DNA  synthesis  lo  Ihe  presence  of  either  one  or  luo 
gaps,  depending  on  Ihe  CV  of  ihe  DNA  measiiremenlii.  In 
other  words,  llille  cun  be  said  about  cell  cycle  regulullon  If  a 
unlmodal  dlsiributlon  is  obtained.  However,  a  bimodiil  dis- 
irlbuilun  of  DNA  per  cell  iFig.  1C)  cuuld  he  ohialneU  only 
under  two  circumsiunees;  ellher  two  gaps.  0|  and  (Ij. 
existed  during  ihe  cell  cycle  or  only  a  single  gup,  0;.  wus 
preieni  after  compleilon  of  DNA  synthesis.  Ii  was  thus 
necessary  lo  develop  crlieria  lo  ilotermlne  whether  a  U|  peak 
In  uddlilun  lo  the  U,  peak  wai  preseni.  Our  Aril  ilep  was  lo 
simulule  Ihe  DNA  disirihullon  of  un  asynchronous  populii- 
lion  with  a  cunslani  UNA  lyntheils  rule,  no  gups,  end  a  CV 
of  U.  Since  the  S  phase  occupies  the  entire  cell  cycle,  ihe 


t  I  ‘  •  I 

1 1  ! 
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•5  :  ^  ' 

^  ^  !  . . .  ' 
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1 1(1  2  Plot  of  roiMiliiilon  uvtrufv  l>NA  ntr  veil  In  iisynvhronoiii. 
thtauluiionv  dUpli-yini  voiiiimious  DNA  synlheMs  the  tvsiills  weiv 
oUiamed  hy  iiwtiiginc  the  DNA  hisiogiiim*  deivrmlned  iiung  our 
numcrivul  inoiltl.  t,  Is  ihe  umouni  of  llniv  nevessnry  hii  ii  replivnlion 
fork  loihisvl  compleleh  nioutiU  the  ehroinosome.  />  Is  the  sepiuiii 
foriMlion  linic.  uiid  i,,  is  the  tienerulion  lime  ol  un  iiiJisidiiiil  cell  In 
Ihls  esiimplc  ihe  nssumpiions  of  ihe  I..  l  oll  model  sseie  ohsviieil 
siivh  Ihiil  t,  ss'iis  40  i.ilP  iind  H  uus  held  vopsluhl  iii  20  min.  1  hese 
tesulls  are  in  agrcenieni  wlih  uniilyilviil  solutions  siivh  us  those 
presemed  by  Heltnsl*llir  el  id.  lISl  and  .Skiiisi.id  el  iil.  iSlui 


ratio  of  Ihc  n.inibcr  of  cells  enlm  lng  S  to  those  leaving  S  Is  2. 
The  Hddiilon  of  a  G,.  peak  lo  ihik  populailon  decreases  ibis 
rnilo  lo  below  2.  .Mnce  a  CV  of  (i  is  iiiueullsllc  for  Aow 
vyiomeirlc  measurements  of  DNA  conleni.  we  next  slinu- 
luied  the  DNA  disirihullon  of  a  populailon  wlih  a  cnnsiiini 
CV  of  g^■aler  ihun  ii  and  only  ihe  .A  and  Clj  singes.  Under 
ihesv  drcumsiiincrs  a  measure  of  Ihe  mimber  of  cells 
entering  A  reliillve  lo  those  leaving  .S  cun  he  obtained  hy 
determining  ihe  rullo  uf  Ihe  maximum  peak  height  to  the 
saddle  height  between  Ibe  iwo  peaks.  Using  our  numerical 
model,  sse  then  simulated  DNA  disirlbiiilons  wlih  u  range  of 
eVs  and  U.  proporiluns  and  found  that  the  maximum  ruilo 
uf  Ihe  peak  height  lo  ihe  saddle  height  is  2.  The  U|  dlsulhu. 
tion  Is  a  (Juussiun  curve,  wlih  a  neui:  ui  a  DNA  umouni  less 
than  nr  etiuiil  to  ihc  peak  of  the  s  disirihullon  iKig.  IC'i.  The 
uddilion  of  II  Id.  peak  ssill  iherelorc  inereiisv  Ihe  peak, 
lo-siiddle  rullo.  Thus.  If  the  observed  uillu  for  u  popiilulissn  Is 
grealer  than  2,  Ihls  blmodal  disiiibullon  must  Incliidr  a  (I, 
peak  Fopulullons  wlih  a  U|  phase  may  have  a  ratio  less  Ihun 
2  If  Ihe  error  in  DNA  measuremeni  Is  high,  bui  populations 
with  a  rullo  greiiier  than  2  must  cohiuln  c''lls  with  a  0,  phase, 

The  presenvo  of  gups  In  UNA  synihesi'  Implies  that  ihv 
duruikm  of  Ihv  DNA  rvpllveilon  vyciv  Is  less  than  lhai  of  Ihe 
division  cycle.  Thus,  a  newly  horn  cell  would  coniuin  ii 
single  complement  of  DNA  und  no  cell  would  ever  possess 
more  than  two  complemenis  of  ihc  genome  (Fig.  lA  und  C'l. 
On  the  other  hand.  If  Ihe  DNA  repllcuilon  time  Is  longer  than 
Ihe  division  cycle,  a  newborn  cell  would  inherit  repllcuilon 
forks  from  the  mother  cell  and  would  Ihereldie  always 
contain  more  than  a  single  complemem  of  DNA  (Fig.  lU  und 
Di.  Moreover,  if  DNA  li  synihekited  cuniinuously.  a  posh 
live  correluiion  would  exist  heiwecn  ihe  growth  rale  and  ihc 
DNA  conieni  per  newborn  cell  such  that  us  ihe  growth  rule 
Increases,  the  average  DNA  conleni  per  cell  would  also 
Increase  iFIg.  2i. 

LlghMlmllid  grnwih.  To  determine  whether  DNA  was 
synihoslaed  conilnuously  ihroughoui  Ihe  division  cycle  und 
how  cell  cycle  progression  wus  modlHed  us  u  funciion  of  the 
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Voi .  I'lHi* 


(If CCS  t  \t'i  !■: 


''f;  II  ,0  I'jl 

l  Ui.  Kupicn'lil.imc  UNA  ilhlnhiillrtin  i<f  .Vuiriliniiiiiin 
WIi.HInl  ciillt  M.iiiu'd  unit  lliu  I1NA  IliinuK'liiomi!  ptnpiiliiiin 
imliilu.  lAi  Sinulc  PiiiiiiiK'K'r  hi>lii|iiiiin  nl  Ihn  mUiKv  niiiiilH'i  kI' 
vicllv  u'l^iik  Ih'i  K'liiliM'  l)NA  i|u'>k''<.viKU  |Ki  a-|l  tlw  Jiilluil  lino 
H'piikoiik  ll|o  ikpoiimuninl  ilnin  >iiul  llui  miIhI  lino  lopiosvnk  lliioil 
ilnin  I  Viiiiliii.  I'li.l)  ihikisi.  illi  ruii'Piiniiiioior  hiMi'piiiniurioUlko 
DNA  nuiiioscoilio  por  ooH  vofMii  H.s  im/oi  i'oi  iho  vmko  Miinplc  ui 
III  pniiol  A  tlm  ciillliiill'  loiok  ioIiiIino  Io  IIio  uilnl  iliiiiihiir  in'oi-lls 
iiiiiiiv/oii  mo  ii.irn,  01:11, 11  ;ii.',  11.121.  mui  ii.'H'i 

Itl'olMh  I'Hlu.  Ililhl-llnillCfl  .Vvili'i  lliirm  rill  |iO|illtlili<.ill<i  ivvru 
miiliiiiimoil  in  iiiiiidy-i.iiov  uronih  iiilli  lUuilillni^  iimvi  limit' 
iiiU  I'nmi  II  III  »  li  iiml  ihon  uniily/Kil  hv  llmv  t'yiimK'iry. 
Kcuiirillum ol' ihii  iiroMih  niio  liMmilovil,  n  hinioOiil  ilinintni- 
lion  or  liN  A  lluoionconoi!  Ili'  oiiII  « m  nhliiinoil  niid  Ihtf  rulio 
III'  ihii  lol'i  peak  holithi  III  ili«  hiiiyhi  ol  ili«  mkIiIIu  liiitiscvn  thv 
IH'iik*  Will iiliviij  1  ('I'tfiiU'i' iliiin  Jil'lii,  >1,  riitfio  iHot'.cinri 
Imllviili!  linn  llio  cull  cyclu  ol'uiich  ol'iliciv  .Vviioi  11111111111.1 
piipiiliiliiini  ciiiiUiiiii  a  illicrultf  iiiiuiviil  ol  DNA  lonliciilion 
hoimiluil  on  ciilmi'  liilu  hy  a  |iap  In  lynihuiii.  Tim  (ilmoilul 
liliirlhiitlon,  rultuuilnii  cuIN  mtli  nnu  iind  ino  comrlunntiili 
I'l  DNA,  In  iippnninl  In  I'olh  the  ilnulu-pariimuiui'  DNA 
'iliiiiitriiim  il'lti,  Ml  anil  ihu  iwu-paiainuiur  liiiuiitruini  ol' 
I'LiS  anil  i-ulaiivu  DNA  llunruicuncu  il'lu.  .Dll.  Culii  in  ihc 
provuii  iil'chroinmomu  rvpliciiliun  iliipluy  an  IniormuUiule 
umoum  of  DNA  lluorcicuncu,  again  npparunl  in  hoih  lypu* 
uriflinimrHniiiFIg.  .A|.  A  critical  veil  iitu  rciiulrumcni  fur  thv 
entry  or  the  Ui  cuili  into  S  In  miggcitdl  by  the  Incrcaiud 
MViirn.le  FLA  or  ihc  .*i  vulli  relailvc  10  ihu  Oi  culli  iFIg,  .Dl). 
Thu  nioiiu  DNA  Ittiorcicuncc  of  both  thu  U)  and  ()j  puaki 
did  nut  ditfur  ligitlllcanily  ai  cacli  of  the  varium  growth  ratui 
iTahlc  II.  riinhcr  itigguiiing  thin  iltv  DNA  copy  mimhur 
duel  nol  Increaiv  ahovu  In  over  ihli  range  of  growth  ratui 
I  Fig.  I A  and  ID. 

I'lic  DNA  hiilograini  acre  riiiilior  aiialyi'ud  10  detcrininv 
ihu  itcady-iliitc  proportion  ol  culli  in  each  cull  cycle  Mage  at 


I'AUl.l'l  t  Kulaliio  DNA  lliMiricooco  iil  (I,  nod  (I..  po.'lii  in 
llghl-limllcd  oiillurti  at  a  inagu  at'  giavlh  ratci 
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11(1  i  lliii.iliiiii  at' 0, all  Hi  Iho  roll  cicio  ilayoi  li,.  S.  mol  tl. 
lot  Mil  Iho  aiiiililoig  liaio  III  lighl'limilod  pupalnhimi  ui  .Simii/ih,  ■ 
.mill  iliain  Wllnlol  riio  illllaliHII  al' ouch  al' Iho  ilioioi  i.ai 
I'lilcahaod  111  doiciihoil  In  .Maloriali  and  Mollooli  Siioloili  '.,  S 
lOlli.  ;.  II. colli.  .li,iolli  ITio  oiiHl  hill  iilacli  Miogoi  Ilian  Iho 
11(0  Ilf  Iho  iioihol  lopioionii  Iho  ilnnilmil  iloiiaoaii  lai  io|ihcaio 
AiiinpUs 

the  varlom  growih  raloi  i|i  •  I  .' loll, til  day  'lilt  order  to 
calctilalu  Iho  ihiialion  ol'unch  cull  cycle  Magu  Hue  Maleriiilc 
and  Muthodii.  tVu  roiiml  ihai  Ihu  longih  of  iliu  S  iniurvol 
ruinainud  ciiniianl  icgai'illuii  ul'ihc  lolal  leiigllt  ol'lliu  cull 
cycle  il'lg,  'll.  I'he  Iniervoli  hcl'ore  and  alter  DNA  lyiilhuM'i 
ecpandudai  growih  hocame  inoio  ligitl  lliiilied,  implying  Ihai 
progruiMon  ihniogli  haih  ol'tlicie  iiagoi  li  light  liepeiuleni, 
tl,  expanded  lo  a  greater  oxleni  lhan  li,..  incieaiing  lixl’old 
.11  Iho  doiiWIng  lime  mcieiiced  I'roni  14  in  .t.i  |i  il  ig,  4i, 

Dark  arroM  and  rilcan*.  Tho  ruxalix  of  ihu  llghi  llmilallon 
u.xputimual  imply  ifiai  cell  eyele  nrogi  cxnon  ihroogh  hoih  Cl, 
and  0]  ruduires  lighl  wheruan  lite  S  iniursal  Iraitxil  lx  llghi 
Independcni.  Hm  xiigiiexlx  ihal  cellx  placed  la  ihe  dark 
xhtmid  arrexi  in  llieir  cull  eyele  during  (i,  or  0  •  bill  nol  S.  To 
luM  ihlx  po».xihiliiy ,  cells  growing  exponunilaily  in  eanilmi' 
oux  light  with  a  dutihlliig  time  ot  1 1  h  were  placed  In  darknexx 
unill  eull  cycling  uuaxud  and  then  reliiritud  lo  conilntiotix 
lighl conditiunh.  DNA  lltiorexcunuc  and  I'l.S  xeeru  examined 
during  Iniih  ihe  llghi  and  the  dark  liilerxalx  to  deiermlne  cell 
cycle  dynaibh  x,  fell  dlilxion  appeared  In  ceaie  immediately 
upon  plaeemeiii  of  Ihe  popiilaiion  into  Pa.  dark  iFlg,  .t.M. 
During  the  llrxi  I'ow  hooix  m  the  dark.  Ihe  loode  IT.S  signal 
of  the  darkiiirrexigd  cellx  decreased  from  ii.:,t  relailie  f'l.S 
omli  lo  a  mhilmom  aflil.t  illn.  .tUi.  rim  dccroiisod  M.S 
wax  ihiin  nminiuiiied  ihroiighoiii  the  ivmaimng  7ii  h  of 
durknexs.  When  the  poptilailon  wax  recxpoied  'o  light,  the 
^■|.Sorlhe  cellx  cvenioally  reiiiriied  to  ihe  piud.,rli  value  of 
i).:.t  rululive  FLS  iiitllx. 

Ax  prodleied  from  Ihe  rexiilix  of  ilie  light  llmilallon  exper- 
linent.  ooce  eell  dlyiiloii  eeaied  In  Ihe  dark  iFig.  'Al,  cellx 
were  hloeked  in  hoih  U,  and  tl,  iFIg,  XL'i.  For  teiisan.i  Ihiil 
are  not  yet  clear.  ihefV  of  DNA  lliioroxeeiiceof  thelii  peak 
inereaxed  in  Ihexe  dark'blocked  cellx,  rexulllng  In  an  uvori 
cxilmuie  of  the  praporllon  of  S-phaxe  cellx  during  Ihe  dark 
Inteixul.  We  were  thus  imiihlu  lo  follow  the  cellx  In  S  once 
dlvIMon  coaxed  In  Ihe  dark  and  could  nut  deiermlne  imam- 
higiiuiixly  whether  cellx  were  hloeked  In  xynihextx  In  the 
dark.  Howeycr.  the  fuel  that  the  percentage  of  cellx  do- 
ereaxed  In  tJ,  and  Inereaxed  In  0,  during  the  dark  when  cell 
divixion  vxax  no  longer  occurring  xtiggoxix  that  cellx  eiin 
progrexx  through  H  in  the  dark. 

A  prolonged  dark  arrexi  ax  In  the  experiment  dexerlhed 
ubove  lx  oiten  mod  to  xynchronD.e  popiilatlonx  of  cyanobuc 
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Flo.  5.  A  culiurt  nr  ^'vm'i/innii.HA  iiruin  WH'KIOl  (rnwlnt 
(xponcnilull)'  In  coniinunuA  light  with  u  gopulullon  douhllng  lime  of 
11  h  wui  pieced  in  ihe  Uurk  for  7]  h  end  then  releoeid  Inin 
cuitllnuoui  llghl .  The  dorkened  her  indiculet  the  duriiilnn  uF  ihe  dirk 
imervul.  The  cell  number  lAi.  FLS  iHi.  end  ihe  percemuge  of  cell* 
In  Cli  end  U.  iCI  were  meusured  with  u  flnw  cylnmeier  during  bnlh 
the  durk  end  ihe  light  inlervulc.  Uue  la  the  increuned  CV  uf  the  Cl, 
celln  In  Ihe  durk.  iheit  ONA  dlMilhulioni  were  uiiumed  lu  repre- 
ceni  only  iwn  cell  cycle  sluget  iCi,  und  Cl,l.  SymbnK  In  penci  J'. 
Oi  cellk;  •,  Ci<  edit.  In  punel  B  iheerrnr  biirc iurger  ihun  the  tynihol 
lire  repteeeni  the  Miindiird  devluliun  fnr  repllculc  eumples. 
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Kiel.  (i.  Time  cniirAC  id  Ihe  cell  divMiiii  lAl.  Kl.S  iBl,  und  ON.A 
disirlbulionc  IC'I  nl' .yviirc/ificni  i  iit  Mraln  Whl-Klnl  over  24  h  iil'u 
l<l-h:lt)>h  llghl'durk  cycle.  The  durkineil  bur  repreHenin  the  durk 
iniervul.  InpuiieU  A  und  H  ihe  error  burc  lurger  Ihun  ihe  eymbnl  aI/c 
repreceni  Ihe  ciiindurd  devlulion  lor  repllcute  xemplex.  In  punel  C.' 
the  coniiiur  levelii  relullve  lo  the  loiiil  number  of  celK  uhuivted  ure 
U.i:.V  0.17J.  n.22,'.  ll..tO.  l),.y7V  und  h..l.X'r. 


liiriu  lid,  2h).  When  our  durk-urre*led  SyiifvhoiiitvHs  cellx 
were  reluuxed  Into  Ihe  llghl,  however,  there  wux  mi  evidence 
or eynchrunoii.e  growth.  An  Inlllul  lug  wiix  uppurem,  but  once 
Ihe  cello  Inliiiiied  division,  exponenlliil  growth  reiumeU 
rupidly  iPIg.  .4Ai.  Flow  cytometry  rexulix  ulxo  confirmed  the 
ulixenee  of  xynchroniged  growth  In  ihe  poptilutlon  ufter 
reexpoojrr  lu  eontinuoux  light:  ut  nil  times  uFier  releuxe  of 
the  cells  Into  the  light,  both  0,  und  0;  cells  were  present 
(Fig.  5Ci.  A  period  never  enisled  when  ihe  culture  wus 
domlnuted  by  u  single  phuse.  us  would  be  expected  in  u 
synchronleed  culture. 

Dill  llghi/dirk  cycle  entrulnment.  An  ulternuilve  meuns  of 
synchronizing  phyioplunkiun  populuilons  Is  lo  mulniuin  cui> 
lures  on  u  repcuilng  lighl/dtirk  cycle  il.  34|.  Obviously, 


enlriiinment  ol'ii  populiitlon  lo  ii  diet  llghi/diirk  cycle  Is  very 
dlirervni  I'rom  un  Inierrupilun  of  exponeniiul  growth  In 
continuous  llghl  with  durkness;  moreover,  ii  llght/durk  cycle 
Is  ihc  "reiil  world"  e,vperience  ol'cells,  To  e.xpiind  upon  the 
results  of  Ihe  previous  cxperlmenis.  cell  division,  FLS,  und 
UNA  dlsirlbuilohs  were  meusured  over  24  h  In  u  Syiii't  hm- 
riccH.s  pupiilullon  enirulned  lo  ii  |4>h:l()-h  llghi/durk  cycle. 
The  cell  division  pullern  lor  siruin  WH>81(I1  observed  over 
this  single  cycle  wiis  similur  lo  Ihut  described  by  Witierhury 
cl  ul.  i.fSI  for  u  number  of  cycles  In  which  .yvnoc/hx nicti.t 
strain  WH-7gny  divided  predomlnuntly  during  the  light  Inter- 
vul  iFig,  hAl.  Over  the  course  of  the  durk  Intervul,  the  FLS 
of  the  cells  declined  lo  Its  minimum  value  iFIg.  (iBl.  Upon 
reexposure  lo  Ihe  light,  cell  division  did  nut  begin  uguin  for 
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nil  aiKllllunul  4  It  (Fig.  AAI.  while  Uurinil  thin  mime  4-h  inlcrvul 
the  moUc  FI.S  ul'  (he  cclK  begun  inercu^ing  lo  its  peiik 
ohminci!  ufier  ubniii  h  h  of  light  i  Fig.  hBi,  I'hts  inmc  gcnerul 
IrenJ  In  Fl-S  vurlatlon  over  ihc  dlel  cycle  hiis  been  observeJ 
in  .Syni'chiifiirfiis  Held  tiimples  liinpuhllkhed  dalul. 

An  unulyms  of  ihc  cell  dlvliiun  piiliern  alone  iFIg.  hAi 
iitighi  lead  one  lo  hvpolheiii/.e  that  u  lighl/durk  cycle  cun 
synchronUe  u  Sytit't  IuitiH  viis  popiiluilun.  However,  both 
Ui  and  U]  cells  were  prevent  ul  all  limes  throughout  the  diel 
cycle.  Including  the  llFh  Intervul  In  the  durk.  i'his  Is  conniv 
lent  with  the  rcMillH  obtained  in  the  dark  arrest  e.cperiment 
and  negates  ihe  possibility  of  a  truly  synchronined  culture, 
t  hese  results  also  substantiate  the  hypothesis  ihul  cell  cycle 
progress  through  both  G,  and  Gj  Is  light  dependent.  Again. 
Ihe  c.xiiet  percentage  of  the  popahtilon  In  the  process  of 
DNA  synthesis  during  Ihc  night  is  prohubly  overestimated 
due  10  Ihe  increased  (.'V  of  the  G|  pe.ik.  However,  it  was  still 
apparent  front  the  isva.parameiet  Itlsiograins  iFig.  hCl  that 
the  number  of  cells  Involved  in  ehruittusonte  replleuiion.  as 
litdicaled  by  those  cells  with  an  inierntedhtle  amount  of 
GNA  Huorescenee.  svus  ul  a  miniinum  during  most  of  the 
night.  This  Wits  follosved  by  a  peak  In  UNA  synthesis  when 
those  cells  blocked  In  Ci|  In  the  dark  were  released  Into  the 
light.  The  (1,  cells  were  the  Hrsi  to  divide  upon  release  Into 
the  light;  however,  the  lights  went  olV  before  the  majority  of 
these  cells  could  also  iniliute  DNA  synthesis. 

inscusgiuN 

Our  increased  understanding  of  general  cell  cycle  eharav 
lerlstics  of  Symrliiitiifftni  sp.  aids  in  Inlerpreling  many 
distinguishing  features  of  populalion  growth  In  this  organ¬ 
ism,  Al  douhling  limes  ranging  front  II  to  5.4  h,  .Vvm'Wior- 
iH'tm  strain  WH-Hllll  displays  a  discrete  Inlcrvul  of  DNA 
synthesis,  and  cell  cycle  progression  holh  hefore  and  after 
this  Interval  requires  the  action  of  blosyniheilc  processes 
dependent  upon  light  energy.  Thus,  when  cells  are  grown  on 
a  llghl/durk  cycle.  Ihe  repeating  Iniervuls  of  darkness  force  a 
partial  phasing  of  Ihe  DNA  and  division  cyclai.  DNA 
synthesis  occurs  prinuirily  during  a  limited  period  in  the  light 
when  (hose  cells  which  were  blocked  In  Gt  In  the  dark  are 
able  to  Iniilaie  chromosome  replleuiion,  and  cell  division 
oeeiifs  mainly  during  >he  light  Interval  when  the  arresied  G, 
calls  are  able  to  divide,  This  light  dependency  of  progress 
through  Ihe  Uj  stage  could  explain  obxervallons  of  water- 
bury  el  al.  I.thl.  They  note  that  In  murine  Synwlmvocaix 
siriiln  WH-7liO,t,  the  proportion  of  dividing  cells  (which 
would  Include  our  G]  popuhillon)  remains  at  a  eonsiam  value 
during  the  night  when  the  cells  are  no  longer  dividing.  This 
suggests  thul  a  portion  of  Ihe  population  Is  blocked  in  the 
doublet  stage  during  most  of  ihe  night,  and  thus  the  freqaen- 
ey-of-divldlng-vells  method  cannot  he  used  with  these  organ¬ 
isms  lo  caleulaie  growth  rules  In  the  Held  (b,  35), 

Thu  fuel  that  .V.vtiei  /iiii'uooM.t  sp.  arrests  In  both  G|  and  G- 
when  placed  In  the  dark  Implies  thai  ihe  population  will 
divide  asynchronously  upon  reexposure  to  ligb:.  Our  results 
Indieale  that  Synifclwtovtus  sp.  behaves  exactly  us  pre¬ 
dicted,  after  nn  Initial  lag  upon  release  Into  the  light,  cell 
division  quickly  becomes  exponenlial.  In  conirusi  to  our 
results,  murine  cyanuhaclerla  SynniuiaHtus  strains  BO 
45511  and  45532  can  be  synchronited  by  placing  an  asyn¬ 
chronous  populalion  In  the  durk  for  an  extended  period  i36l. 
In  addition,  both  Herdmun  el  al,  (191  and  Asulo  i2l  have 
shown  that  A.  nhlulam  displays  a  comparable  digrne  of 
synchronous  growth  upon  release  Into  the  light  after  durk 
exposure.  However,  Asato  (2)  and  Herdmun  ei  al.  (19)  also 


describe  data  which  Indieale  that  brilli  G|  ami  C,  cells  are 
present  within  A.  itiiltitiiitx  pnpulalions  during  ihc  dark 
arrest:  yet  somehow,  synchronous  division  Is  still  achieved 
after  the  dark  hloek  is  released  To  explain  Iheir  resulls, 
these  authors  posiululed  that  progress  through  each  cell 
cycle  singe  in  ihe  Mghi  is  dllferentlully  ulTeeted  hy  a  previous 
exposure  lo  darkness  ll9.  24l.  A  nonuniform  uft'eel  of 
darkness  on  iransU  through  Ihe  dlll'erent  cell  cycle  singes  has 
also  been  observed  in  dlaliuas  and  was  atlrlbuied  lo  an 
Inierrupiloh  of  Ihe  silicon  transport  system  by  darkness  tJOi, 

Cell  cycle  progression  through  G,  is  unconditional  in  mosi 
cell  types  i31).  except  for  Ihe  maiine  diaiums  which  are 
known  lo  have  holh  light-  and  silica-dependent  block  points 
during  this  interval  1.10.  5hl.  The  fuel  thul  two  such  I'undu- 
memidly  dliTerem  organisms  as  the  diaiams  and  Synetluif 
iiffiix  spp,  holh  divide  In  Ihc  light  and  possess  a  lighi 
lequiremeni  at  the  end  of  iheir  cell  cycle  siihslanliules  the 
hypiilhesis  tlial  a  causal  relationship  exists  between  the 
locution  of  liyhi-dependeni  processes  and  overall  populalion 
growth  patterns  (.Ini. 

The  uelual  speeiHes  of  the  reguliiMon  of  the  coll  eyele  In 
.5'vni'i'/iii('><n'».r  spp.  are  more  eomplleuted  than  has  been 
piesenied  thus  fur  I'huorles  of  cell  eyele  reguliition  In  pro- 
euryoies  rely  heavay  on  the  /■',  full  model  put  forth  by 
Helmstetler  and  c  ooper  117).  Cell  eyele  studies  conducted  lo 
date  with  eyunahaeieiia  Indieale  that  uppaiemly  these  pro- 
ciiryuies  do  noi  always  adhere  to  the  piles  of  Ihe  full 
nuHlel.  For  example.  Mann  and  Carr  l2.1l  found  Ihul  the  DNA 
contenl  of  A.  niiliilimx  Increased  up  lo  In-I'old  w-llh  an 
Inereusing  gtowlh  rule  even  though  the  growth  rales  exam¬ 
ined  relleeied  generation  limes  greaier  than  the  chromosome 
replleuiion  Imervul.  Under  these  circumstances,  continuous 
DN.A  synthesis  and  miilllple  replleuiion  forks  would  not  be 
predicted  tl3.  17).  In  the  study  of  Mann  and  Carr  i2.1l.  Ihe 
generation  lime  of  A,  iililiilum  was  npproximnielv  2..1  h, 
which  Is  about  twice  lix  chromosome  replleuiion  period  (19). 
Similarly,  our  U-h  doubling  lime  of  strain  WH-HIUI  Is  ap- 
pniximaialy  iwlea  Its  esiimaied  chromosome  repliculton  In¬ 
terval  of  5  h  I  Fig,  4),  Yei  regardless  of  Ihe  comparable  relative 
growth  rules,  the  DNA  conuni  of  A.  nMuiis  increased 
exponenilully  with  an  Inereusing  growth  rale,  while  thal  of 
WH-MlOl  did  not,  An  Increased  genomic  content  al  relutively 
slow  growth  rates  has  also  been  reporicd  for  the  niarinc 
eyanonuclerium  Af/meiwlliini  i/iiiuliniillriwim,  which  cun 
possess  up  lo  three  copies  of  Its  chromosome  ul  generailon 
limes  of  either  7  or  20  b  i.'l).  holh  of  which  are  presumably 
greater  than  Ihe  synthesis  Inlcrvul  In  this  organism. 

An  uddlllonnl  conlllel  between  eyanohncieria  and  Ihc  t'. 
foil  model  Is  lhai  A.  nitlitlom  appears  lo  possess  simulia- 
neoiisly  both  a  discrole  Interval  of  DN  A  sy  nthesls  1 3 ,  1 9)  and 
multiple  copies  of  its  genome  (351.  Il  Is  ditHeull  lo  reconcile 
the  existence  of  multiple  copies  of  the  geiioiue  undQ|  and  Gj 
arrest  points  ul  geaeruiloit  limes  greater  than  the  chromo¬ 
some  replleuiion  Interval.  Apparently,  the  presence  of  gups 
In  DNA  synthesis  and  mullipie  chromosome  copies  are  noi 
mutually  e.xvluslvc. 

If  the  L.  foil  model  Is  not  a  suitable  paradigm  fur  the  cell 
eyele  behavior  of  eyunobueierla.  perhaps  chloroplasts. 
which  have  been  hypolhesUed  to  have  a  cyanobuclerial 
origin  (14).  could  serve  us  a  more  appropriate  model.  Chlo- 
roplaits  are  known  to  contain  multiple  copies  of  their 
genome,  the  number  of  which  varies  as  the  ehloroplasi 
develops  |4|.  Little  iu  known,  however,  about  the  regulitiun 
of  the  DNA  and  division  cycles  within  these  organelles  us 
well.  An  enhanced  understanding  of  cell  cycle  regulation  In 
cyanohucieriu  could  he  gained  by  determining  analytically 
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ih<  ri!lutltin!ihip  between  the  growth  rule  und  ihe  ubiulutc 
number  urehiomo<iome<i  per  cell.  Ii  would  then  K  poMlble 

10  delermine  whether  murine  Syiwchinoaiis  nhP-  ten  ever' 
poviesv  both  »  dltereie  Interval  of  DNA  uyniheuiu  und 
multiple  copieu  of  the  genome'  (l.V  .11. 19). 
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